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Abstract

The effect of quarry dust based geopolymer cement (QDbGPC) and ordinary Portland cement
(OPC) replaced in the ratios of 0:0, 0:40, 5:35, 10:30, 15:25, 20:20, 25:15, 30:10, 35:5, and
40:0% by weight respectively was investigated. This was carried out under the influence of 4%,
8%, 12%, 16% and 20% by weight crushed waste glasses. This was conducted to study the effect
of these materials on the consistency and strength characteristics of representative test soil in
the laboratory. Preliminary test on the test soil shows that the soil is expansive, highly plastic
with high clay content and classified as an A-7-6 soil group according to AASHTO classification
system. It is also classified as poorly graded according to USCS. The treated exercise presented
an improvement in the California bearing ratio, compaction and consistency characteristics in a
steady and substantial pattern. The increased addition of the proportions of geopolymer cement
caused increased values of CBR, G, and decreased values of plasticity index. The unsuitable
and problematic soft soil was improved to meet the requirements for a soil material to be used
as a subgrade construction material. This is due to the composite blend of materials with high
silicate contents responsible for strength gain. However, the replacement of ordinary Portland
cement with silicate-based geopolymer cement will remove the dangers of CO, emission during
construction works and present an environmentally friendly practice of soil re-engineering.
Keywords: California bearing ratio, compaction, silicate-based materials, crushed waste glasses,
geopolymer cement, recycled solid waste materials, composite construction materials
Kulcsszavak: kaliforniai teherbirasi érték, tomorités, szilikat alapi anyagok, zlzott veghulladék,
geopolimer cement, Ujrahasznositott szilard hulladékok, kompozit épitdanyagok
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1. Introduction

The improvement of the mechanical properties of soft
soils has become increasingly necessary because of the
role soils play in pavement constructions, more especially
the underlain foundation structures [1-2]. Pavements are
underlain structurally by soils borrowed or compacted in situ,
during the foundation phase of flexible or rigid pavements
[3-6]. Pavement facilities are important horizontal structures
that contribute to the socioeconomic development and
environmental accessibility of suburbs, urban centres, cities and
nations. Unfortunately, in Nigeria and many other developing
countries of the world, the failure rate of pavements is alarming
[7]. Over 80 percent of the road pavements in Nigeria are in
deplorable state due to primarily badly formed underlain.
Worst in this category is located in the south-eastern and
southern geopolitical regions of the country [8-9]. Pavement
failures are initiated primarily by lateral deformation, which
eventually initiate cracks like as presented in Figs. 1 & 2 [2, 10].
These cracks give way for moisture migration to the underlain
structure of the pavements. Further intake of moisture under
hydraulically bound conditions causes the underlain subgrade
to experience volume changes due swell-shrink cycles [11-12].
According to Herve et al. [1], these volume changes initiate
greater degree of failure by shear and lateral heaving. This is the
consequence of building pavements with weak and unstable
underlain subgradesoils [1, 13-17]. The use of ordinary Portland
cement in the weak soil stabilization protocols, on the other
hand, generates strengthened structures prone to crack effects
because of the brittle nature of ordinary cement stabilized soils
[18]. Moreover, the use of ordinary Portland cement releases
an equivalent amount of CO, into the atmosphere contributing
to global warming and this is at a time when our planet is at the
brink of environmental issues as a result of constant exposure
to nonenvironmentally friendly construction procedures
and practices [19-23]. The synthesis of geopolymer cement
with quarry dust as the base material and its utilization in
the improvement of the soft soil properties is currently being
studied [23-29]. Soil conservation takes many methods and
forms depending on its usage and various environmental
reasons. This has proven as a sure way of conserving the soils
for use as engineering material. However, new and other areas
are also being explored to achieve soil stabilization with zero
release of CO, into the environment [30-35]. Crushed waste
glasses, also, are eco-friendly geomaterials derived from
crushing waste glasses disposed by Glass Industries as scrap
losses from glass production or poor handling [1, 36]. Waste
glasses are also solid waste disposed by factories, homes
and offices resulting from poor handling, accidents, etc. The
utilization of ordinary Portland cement (OPC) and quarry dust
based geopolymer cement (QDbGPC or GPC) in this work
in a linear inverse replacement pattern was to determine the
best geoengineering practices through which silicate-based
or bio-based cements can partially or totally replace Portland
cements, which inadvertently allow room for the disposal
of the solid waste under consideration without exposing the
environment or landfills to potential dangers [37-39]. This was
conducted in that order to determine the replace-ability of

the silicate-based geopolymer cement over ordinary Portland
cement [2]. Also, the effect of introducing crushed waste
glasses in an incremental order into the cemented test soil was
also studied. It was a complex blending of various eco-friendly
materials with a view to improving the California bearing ratio,
consistency and compaction characteristics of the treated soft
soil. According to Herve et al. [1] and Onyelowe et al. [36] the
best practices of soil conservation could take this pattern for
soils to be used as pavements underlain.

Tire Load

Percolation of moisture
into the cracks

1 Wearing Course

Base Course

Subbase

Subgrade

Fig. 1 Cross section of pavement with crack propagation at subgrade failure under
traffic cyclic loading [2]
1. dbra Az iitpdlya keresztmetszete valamint a repedés terjedése az aljzat

meghibdsoddsakor ciklikus forgalmi terhelés esetén

Percolation of moisture

/ into the cracks

Fig. 2 Plan of pavement with crack propagation at subgrade failure under traffic
cyclic loading [2]
2. dbra Az utpdlya feliilnézete valamint a repedés terjedése az aljzat
meghibdsoddsakor ciklikus forgalmi terhelés esetén

2. Materials and methods

2.1 Materials preparation

400 g of test lateritic soil was collected from distributed
in hilly areas such as Soc Son District, Hanoi City and Hoa
Binh Province of Vietnam. The disturbed sample was taped
to remove lumps, sundried for 4 days and stored for the
stabilization experimentation. The quarry dust material is in
several Crush Rock Industries Areas in Ninh Binh Province
such as Gia Vien District, Hoa Lu District, Hanoi, Vietnam,
which satisfies design conditions in accordance with TCVN
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8857 [39]. It was also sundried to remove moisture and stored
in silo bags for use. The waste glasses were collected from
the dump sites across Hanoi. They were crushed with the
50kN crusher and also stored for use. The OPC used satisfied
the requirement of cements used as binders in Vietnam
construction industry [40-41]. The geopolymer cement (GPC)
was synthesized with quarry dust (QD) and activator materials
(Sodium Hydroxide (NaOH) and Sodium Silicate (Na,SiO,)).
Based on previous findings on the synthesis of GPCs [28, 29,
31, 42-47], the quarry dust based Geopolymer was synthesized.

2.2 Experimental methods

The conventional tests that were conducted on the test soil
for characterization and classification reasons are as follows;

i.  Particle size distribution (PSD): this was conducted with
vertically arranged sieve sizes mounted on an automatic
shaker in accordance with BS 1377-2 and Nigerian
General Specification [7, 48],

ii. Standard Proctor Compaction: this was conducted on
the untreated soil with 2016 ELE Automatic Compactor
Machine in accordance with BS 1377-2, and NGS [7, 48]
and on the treated soil in accordance with BS 1924 [49],

iii. Consistency Limits: this was conducted using a 2013
cassagrande apparatus on the untreated soil in accordance
with BS 1377-2, and NGS [7, 48] and on the treated soil
specimens in accordance with BS 1924 [49],

iv. Specific Gravity test was conducted by Pycnometer
method in accordance with BS 1377-2, and NGS [7, 48]
and BS 1924 [49] for the untreated and the treated soils
respectively,

v. Chemical Oxides Composition test on the test soils and
the test materials with XRF method in accordance with
BS 1377-2 and Nigerian GS [7, 48]

vi. And finally, California Bearing Ratio test (CBR):
was conducted on the untreated and treated soils
blended with 4, 8, 12, 16, and 20% CWG and linearly
inversely replaced cements of QDbGPC and DOPC in
a ratio pattern of 0:40, 5:35, 10:30, 15:25, 20:20, 25:15,
30:10, 35:5, and 40:0% by weight of solid. This was
experimented with a 2015 S211 KIT CBR penetration
machine, motorized 50kN ASTM used to load the
penetration piston into the soil sample at a constant rate
of 1.27 mm/min (1 mm/min to BS Spec.) and to measure
the applied loads and piston’s penetrations at determined
intervals with which CBR values were computed using
Eq. (1) and results were obtained. This was experimented
in accordance with British standards, Vietnamese
standards and AASHTO methods [48-54]

CBR :%xlOO (1)

N
Where;
P, = corrected unit test load corresponding to the chosen
penetration from load penetration curve,
P, = the total standard load for the same depth of penetration
which can be taken as 13.24 kN for 2.5 mm penetration and
19.96 kN for 5.0 mm penetration.
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3. Results and discussions

3.1 General behavior and classification of test materials

The results of the experimental program have been presented
in tables and graphs in the following pages. Test soil sample was
investigated and characterized under the laboratory conditions
with the preliminary test results presented in Tables 1, and 2
and Fig. 3. The soil was classified as A-7-6 group according
to the AASHTO classification method [51]. It was equally
classified according to USCS as poorly graded (GP) soil
Additionally, the soil was observed as having high clay content
and high free swell index (FSI). It was also classified as highly
plastic with plasticity index above 17% and expansive. Table
3 presents that the test materials have high aluminosilicate
content and possess pozzolanic properties [40]. Table 3 and
Fig. 4 presents the oxide rates and bonding potentials of the
test materials. This also satisfied that the material bonding
is a very important factor in soil stabilization and strength
development. This is because the soil and the admixture
need to form a homogeneous and cohesive bond. Material
requirement for cementitious materials states that the sum of
the oxide rates of SiO,, A1,O,, and Fe,O, should not be less than
70%. The results of the analysed materials presented in Table 3
show that the percentage of SiO, + Fe,O, + Al O, for each of
the materials is greater than 70%. This behaviour makes the
test material samples highly pozzolanic [40]. This property
was of great advantage because it brought about a high degree
of interaction, pozzolanic reaction, carbonation reaction and
bonding between the studied soil and the synthesized GPC.

Property description of test Values
soils and units
% Passing Sieve No 200 38
NMC (%) 13.49
LL (%) 46
PL (%) 21
Pl (%) 25
SL (%) 8
FSI (%) 234
G, 2.43
AASHTO Classification A-7-6
UCsC GP
MDD (g/cm?) 1.85
OMC (%) 16.2
CBR (%) 13
Colour Reddish Grey

Table 1 Basic properties of test soils
1. tdblazat A vizsgdlt talajok alapvetd tulajdonsdgai

Mate- % Passing sieve (mm)

fals 19 635 4.75 236 118 0.6 0.425 03 0.5 0.075 Pan
TestSoil - 100 91 8 63 50 39 28 21 10 0
Quarry 100 89 44 23 18 15 14 12 5 2 0

Dust

CWG 100 96 82 76 63 54 47 39 24 19 0

Table 2 Particle size distribution (PSD) of test materials
2. tabldzat A vizsgdlt anyagok szemmegoszldsa
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Oxides Composition (content wt %)

Materials
Mgo K,0 Na,0 Tio,
Test soil 76.56 15.09 2.30 2.66 0.89 2.10 0.33 0.07 - - - - -
Quarry Dust 63.48 17.72 5.56 1.77 4.65 2.76 0.01 3.17 0.88 - - - -
CWG 73.5 0.78 8.11 1.79 2.09 11.0 1.89 - - - 0.8
DOPC 21.45 4.45 63.81 3.07 2.42 0.83 0.20 0.22 0.81 0.11 246 0.16 0.64

*IR is Insoluble Residue, LOI is Loss on Ignition, QD: Quarry Dust, DOPC: Dangote Ordinary Portland Cement, CWG: Crushed Waste Glasses

Table 3 Oxides composition of the materials used in this paper
3. tdbldzat A cikkben haszndlt anyagok oxidos dsszetétele
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Fig. 3 Particle size distribution of studied materials
3. dbra A vizsgdlt anyagok szemmegoszlisa
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Fig. 4 Chemical oxides components in studied materials
4. dbra A vizsgdlt anyagok kémiai oxidos Gsszetétele

3.2 Compaction behaviour of QDbGPC: DOPC treated soil
with crushed waste glasses (CWG)

The compaction results are presented in Table 4 and Fig. 5. The
compaction behaviour is the densification process observed on
the QDbGPC/ DOPC treated soil under the influence of added
proportions of crushed waste glasses. The test soil was observed
to be an unstable soil and was treated alternately with QDbGPC
and DOPC in the ratios of 0:0, 0:40, 5:35, 10:30, 15:25, 20:20,
25:15, 30:10, 35:5, and 40:0% respectively. The effect of 4%, 8%,

12%, 16% and 20% by weight of crushed waste glasses over the
cemented test soil was also observed. While 0:0% of the cements
proportion by weight of solid served as the control point, the
proportions of GPC increased from 5% in an increment of 5%
while DOPC decreased from 40% at the rate of 5% also. The
maximum dry density of the test soil increased with increased
proportion of GPC and decreased proportion of DOPC. This
consistently continued until 40:0% corresponding to GPC
and DOPC respectively. The specific gravity also increased
in that succession consistently. Alternatively, the optimum
moisture content decreased with the same pattern. Notably, the
introduction of the high content aluminosilicate crushed waste
glasses improved the compaction characteristics of the test soil
under the influence of the cements. This behaviour on the axes
of the cements linear inverse replacement process was due to the
introduction of a more bio-based cementing material, which is
resistant to sulphate attacks, cracking and brittleness. Also, the
bio-based cementing geomaterial i.e. the QDbGPC composite
produced more silicate and aluminate to form CSH and CAH
responsible for strength gain and densification [2, 56, 57, 58,
59]. It forms more elastic agglomeration and sequestrum and
flocs to produce a more densified treated soil. Cation exchange
reactions between the dissociated ions from the bio-based
cementing material caused the increased density and specific
gravity with increased proportions of GPC. These increased
MDD were obtained at optimum moisture content [60].

3.3 Consistency behaviour of QDbGPC to DOPC treated
soil with crushed waste glasses (CWG)

Table 5 and Fig.6 present the consistency behaviour of the
quarry dust based geopolymer cement linearly and inversely
replace ordinary Portland cement treated soil under laboratory
conditions under crushed waste glasses added to the treatment
procedure. The addition of CWG into the cemented soil
reduced the liquid limits, plastic limits and the plasticity
index consistently. This behaviour however shows that further
addition of CWG beyond the maximum 40% utilized in this
exercise could have improved the consistency limits further.
But very important to note was the improvements recorded
with the linearly inversely introduction of the cements into
the test soil. That is, while the bio-based geopolymer cement
was increased in the treatment blend, the Portland cement
was reduced and the effect of this treatment pattern was
observed. Results have shown that increased quarry dust based
geopolymer cement reduced the consistency limits from very
high plastic condition to even very less plastic consistency. The
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Proportion of Percentage of Crushed Waste Glasses (CWG) added (%)

Ggopolymer to 4% 8% 12%
Ordinary Portland
Cements (GPC/OPC) MDD OMC Gs MDD OMC Gs MDD OMC Gs MDD
0:0 185 16.2 243 187 161 245 189 159 247 192 149 249 198 142 256 199 141 2.58
0:40 35 154 345 356 152 348 358 151 349 359 131 354 366 128 3.58 386 124 3.68
5:35 46 143 45 468 141 459 4.69 14 46 472 12.0 469 4.89 117 489 499 112 499
10:30 55 135 5.34 559 132 537 56 131 538 569 111 588 588 106 598 598 102 6.1
15:25 6.4 126 6.45 6.48 123 648 6.49 122 649 653 102 689 6.76 94 699 686 91 T2
20:20 75 117 745 758 113 749 759 112 752 764 92 858 787 82 888 887 72 948
25:15 956 9.45 104 959 925 105 969 725 115 9.78 6.25 1258 1048 6.0 1288 1148 5.6 1378
30:10 1145 734 132 1155 714 138 1185 6.14 148 1198 514 158 1298 50 159 1398 4.2 1686
35:5 1365 5.45 156 13.85 5.15 159 1395 4.15 169 1424 315 179 1524 3.0 1878 16.24 2.8 1988
40:0 15.76 4.75 185 1596 4.35 188 16.06 3.35 19.8 1786 2.35 208 1856 2.0 218 1956 21 2264

*MDD x10" and Gs x10"

Table 4 Compaction behaviour of treated soil
4. tablazat A kezelt talajok tomoritési viselkedése

Proportion of Percentage of Crushed Waste Glasses (CWG) added (%)

Cements (GPC/OPC) L PL Ip LL PL Ip LL PL Ip LL PL

0:0 46 21 25 44 22 24 40 17 23 38 16 22 37 16 21 36 16 20
0:40 43 21 22 42 21 21 38 18 20 37 17 20 35 16 19 34 15 19
5:35 41 20 21 39 19 20 37 18 19 35 17 18 32 15 17 30 13 17
10:30 38 18 20 36 17 19 34 16 18 32 15 17 30 14 16 28 13 15
15:25 35 17 18 32 14 18 29 12 17 26 10 16 25 10 15 24 10 14
20:20 31 15 16 30 15 15 27 13 14 24 11 13 23 11 12 21 10 11
25:15 29 16 13 26 14 12 23 11 11 21 11 10 20 11 9 18 10 8
30:10 25 15 10 22 13 9 19 11 8 17 10 7 15 9 6 14 9 5
35:5 19 12 7 17 11 6 16 11 5 15 11 4 14 11 3 12 10 2
40:0 16 12 4 14 11 3 12 9 3 10 8 2 10 9 1 9 8 1

Table 5 Consistency behaviour of treated soil
5. tabldazat A kezelés hatdsa a talajok konzisztencidjdra

Plunger Penetration (mm) Plunger Load (kN)
California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 0% CWG
0+40 5+35 10+30 20+20 25+15 30+10 35+5

0 0 0 0 0 0 0 0 0 0
0.5 1.2 1.5 1.8 2.1 4.4 8.4 12.4 16.5 20.5
1 1.3 1.6 1.9 2.2 4.5 8.5 12.5 16.6 20.6
1.5 1.5 1.7 2.0 2.3 4.6 8.6 12.6 16.7 20.7
2 1.7 1.8 2.1 2.4 4.7 8.7 12.7 16.8 20.8
2.5 1.8 1.9 2.2 2.5 4.8 8.8 12.8 16.9 20.9
3 2.0 2.1 2.3 2.6 4.9 8.9 12.9 17.0 21.0
3.5 21 2.2 2.4 2.7 5.0 9.0 13.0 171 21.1
4 2.2 2.3 2.5 2.8 5.1 9.1 13.1 17.2 21.2
4.5 2.3 2.4 2.6 2.9 5.2 9.2 13.2 17.3 21.3
5 2.4 2.5 2.7 3.0 5.3 9.3 13.3 17.4 21.4
5.5 2.6 2.7 2.8 3.1 5.4 9.4 13.4 17.5 21.5
6 2.7 2.8 2.9 3.2 5.5 9.5 13.5 17.6 21.6
6.5 2.9 2.9 3.0 3.3 5.6 9.6 13.6 17.7 21.7
7 3.2 3.3 3.4 3.5 5.7 9.7 13.7 17.8 21.8
7.5 3.6 3.7 3.8 3.7 5.8 9.8 13.8 17.9 21.9
8 3.8 3.9 4.0 4.1 6.2 9.9 13.9 18.0 22.0
8.5 4.1 4.2 4.3 4.4 6.5 10.0 14.0 18.1 22.1
9 4.3 4.4 4.5 4.6 6.7 10.1 14.1 18.2 22.2
9.5 4.4 4.5 4.6 4.7 6.8 10.2 14.2 18.3 223
10 4.5 4.6 4.7 4.8 6.9 10.3 14.3 18.4 22.4

Table 6 California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 0% CWG
6. tabldzat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (0% CWG esetén)
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Fig. 5 Influences of crushed waste glasses on compaction behaviour of treated soil:
(a) maximum dry density (x10™), (b) optimum moisture content, (c) specific
gravity (x107)

5. dbra Zuzott iiveghulladék hatdsa a kezelt talajok tomorodési viselkedésén: (a)
maximdlis szdraz teststiriiség (x10"), (b) optimdlis nedvesség tartalom, (c)
fajsuly (x107)

hydration of the stabilized mixture and its increased calcination
and pozzolanic activity have contributed to the behaviour of the
soil. And also due to molecular rearrangement in the formation
of transitional compounds [2]. This improvement is due to the
hydration of the highly silicate-based pozzolanic additives from
the quarry dust based geopolymer cement (QDbGPC) with the
treated soil matrix, which reduced the PI consistently thereby
producing a stiff mixture of stabilized soil. Also, the release of
more cations from the biomass based geomaterials and quarry
dust during the cation exchange reaction has contributed to the
behaviour of the stabilized mixture. This behaviour agrees with
Little et al. [61], which showed that if water is used as pore fluid,
the influence of the mechanical factors would remain same with
a general decrease in LL and PI on addition of an admixture and
binder. The prone to cracks and brittle behaviour of Portland
treated soils has contributed to the improved consistency limits
at reduced rates of the DOPC [2].

3.4 California bearing ratio behaviour of OPC plus
QDDbGPC treated soil with crushed waste glasses (CWG)

CBR test was conducted to determine the untreated and
treated soils resistance to shear failure when subjected to axial
loads. Traffic loads are axial dynamic loads pavement facilities
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Fig. 6 Influences of crushed waste glasses on consistency behaviour of treated soil:
(a) Liquid limits, (b) Plastic limit, and (c) Plasticity index
6. dbra Zizott iiveghulladék hatdsa a kezelt talajok konzisztencidjdra: (a) Sodrdsi
hatdr, (b) Folydsi hatdr, (c) Plasztikus index

are exposed to from vehicles of various sizes and penetration
pressures. Pavements and pavement foundation fail by shear
or lateral displacement (deformation). Hence it is important
to observe the rigidity or stiffness of subgrade materials used
as underlain structures. The CBR behaviour results of the
underlain subgrade soil were presented in Tables 6-12 and
Figs. 7 & 8. The studied soil was observed to be an expansive
soil and was treated alternately with QDbGPC and OPC in
the ratios of 0:0, 0:40, 5:35, 10:30, 15:25, 20:20, 25:15, 30:10,
35:5, and 40:0% by weight respectively. The effect of 4%, 8%,
12%, 16% and 20% by weight of crushed waste glasses over the
cemented test soil was also observed. While 0:0% of the cements
proportion by weight of solid served as the control point, the
proportions of GPC increased from 5% in an increment of 5%
while OPC decreased from 40% at the rate of 5% also. There was
a consistent improvement on the CBR value of the treated soil
with increased QDGbGPC and reduced DOPC proportions.
These improved CBR values were greater than 20%, and satisfy
the material condition for use as improved subgrade material on
Nigerias dilapidated roads [7]. The consistently increased CBR
values with the addition of QDGbGPC was due to the presence
of adequate amount of calcium required for the formation of
Calcium Silicate Hydrate (CSH) and Calcium Aluminate Hydrate
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Plunger Plunger Load (kN)
Pen((::)tion California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 4% CWG

0+40 5+35 10+30 20+20 25+15 30+10 35+5 40+0
0.5 1.3 1.6 1.9 2.2 4.5 8.5 12.5 16.6 20.6
1 1.4 1.7 2.0 2.3 4.6 8.6 12.6 16.7 20.7
1.5 1.6 1.8 2.1 2.4 4.7 8.7 12.7 16.8 20.8
2 1.8 1.9 2.2 2.5 4.8 8.8 12.8 16.9 20.9
2.5 1.9 2.0 2.3 2.6 4.9 8.9 12.9 17.0 21.0
3 21 2.2 2.4 2.7 5.0 9.0 13.0 17.1 21.1
3.5 2.2 2.3 2.5 2.8 5.1 9.1 13.1 17.2 21.2
4 2.3 2.4 2.6 2.9 5.2 9.2 13.3 17.3 21.3
4.5 2.4 2.5 2.7 3.0 5.3 9.3 13.4 17.4 21.4
5 2.5 2.6 2.8 31 5.4 9.4 13.5 17.5 21.5
5.5 2.7 2.7 2.9 3.2 5.5 9.5 13.6 17.6 21.6
6 2.8 2.9 3.0 33 5.6 9.6 13.7 17.7 21.7
6.5 3.0 3.1 3.1 3.4 5.7 9.6 13.8 17.8 21.8
7 33 34 3.5 3.6 5.8 9.8 13.9 17.9 21.9
7.5 3.7 3.8 39 3.8 5.9 9.9 14.0 18.0 22.0
8 3.9 4.0 4.1 4.2 6.3 10.0 14.1 18.1 221
8.5 4.2 4.3 4.4 4.5 6.6 10.1 14.2 18.2 22.2
9 4.3 4.5 4.6 4.7 6.8 10.2 14.3 18.3 22.3
9.5 4.5 4.6 4.7 4.8 6.9 10.3 14.3 18.4 22.4
10 4.6 4.7 4.8 4.9 7.0 10.4 14.4 18.5 22.5

Table 7 California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 4% CWG
7. tébldzat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (4% CWG esetén)

Plunger Plunger Load (kN)
Pe“(‘:’;)““ California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 8% CWG

0+40 5+35 10+30 20+20 25+15  30+10 35+5 40+0
0 0 0 0 0 0 0 0 0 0
0.5 14 1.7 21 2.3 4.6 8.6 12.6 16.7 20.7
1 15 1.8 2.2 2.4 47 8.7 12.7 16.8 20.8
15 17 1.9 2.3 25 48 8.8 12.8 16.9 20.9
2 1.9 21 2.3 2.6 49 8.9 12.9 17.0 21.0
25 21 21 24 2.7 5.0 9.0 13.0 171 21.1
3 22 2.3 25 2.8 5.1 9.1 13.1 172 21.2
3.5 2.3 2.4 2.6 2.9 5.2 9.2 13.2 173 21.3
4 2.4 25 2.7 3.0 5.3 9.3 13.3 17.4 21.4
4.5 25 2.6 2.8 31 5.4 9.4 13.5 175 21.5
5 2.6 2.7 2.9 3.2 5.5 95 13.6 17.6 21.6
5.5 2.8 2.9 3.0 3.3 5.6 9.6 13.7 17.7 21.7
6 2.9 3.0 3.0 3.4 5.7 9.7 13.8 17.8 21.8
6.5 31 3.2 3.2 35 5.8 9.8 13.9 17.9 21.9
7 34 35 3.6 3.7 5.9 9.9 14.0 18.0 22.0
7.5 3.8 3.9 4.0 41 6.0 10.0 14.1 18.1 221
8 4.0 41 42 43 6.4 10.1 14.2 18.2 222
8.5 4.3 44 45 46 6.7 10.2 14.3 18.3 22.3
9 4.4 46 47 48 6.9 10.3 14.4 18.4 22.4
9.5 4.6 4.7 4.8 4.9 7.0 10.4 14.5 18.5 225
10 4.7 4.8 4.9 5.0 71 10.5 14.6 18.6 22.6

Table 8 California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 8% CWG
8. tabldzat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (8% CWG esetén)
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Plunger Plunger Load (kN)
Pe“(‘:::)tm“ California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 12% CWG

0+40 5+35 10+30  20+20 25+15  30+10 35+5 40+0
0 0 0 0 0 0 0 0 0 0
0.5 15 18 2.2 2.4 4.7 8.7 12.7 16.8 20.8
1 16 1.9 2.3 25 4.8 8.8 12.8 16.9 20.9
1.5 1.8 2.0 2.4 2.6 4.9 8.9 12.9 17.0 21.0
2 2.0 2.2 25 2.7 5.0 9.0 13.0 171 21.1
2.5 22 2.3 2.6 2.8 5.1 91 13.1 17.2 21.2
3 23 24 2.7 2.9 5.2 9.2 13.2 17.3 21.3
3.5 2.4 25 2.8 3.0 5.3 9.3 13.3 17.4 21.4
4 25 2.6 2.9 31 5.4 9.4 13.4 175 215
4.5 2.6 2.7 3.0 3.2 55 9.5 13.6 17.6 21.6
5 2.7 2.8 31 3.3 5.6 9.6 13.7 17.7 21.7
5.5 2.9 3.0 3.2 3.4 5.7 9.7 13.8 17.8 21.8
6 3.0 31 3.3 35 5.8 9.8 13.9 17.9 21.9
6.5 3.2 33 34 3.6 5.9 9.9 14.0 18.0 22.0
7 35 3.6 3.7 3.8 6.0 10.0 14.1 18.1 221
7.5 3.9 4.0 41 42 6.1 10.1 14.2 18.2 22.2
8 41 42 43 4.4 6.5 10.2 14.3 18.3 22.3
8.5 44 45 46 47 6.8 10.3 14.4 18.4 22.4
9 45 47 48 4.9 7.0 10.4 145 185 22,5
9.5 47 4.8 4.9 5.0 71 10.5 14.6 18.6 22.6
10 48 4.9 5.0 5.1 7.2 10.6 14.7 18.7 22.7

Table 9 California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 12% CWG
9. tdbldzat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (12% CWG esetén)

Plunger Plunger Load (kN)
Pen(etra;:ion California bearing ratio behaviour of DOPC+QDbGPC (%) treated soil with 16% CWG

— 0+40 5+35 10+30 20+20 25+15 30+10 35+5 40+0
0.5 1.6 1.9 2.3 2.5 4.8 8.8 12.8 16.9 20.9
1 1.7 21 2.4 2.6 4.9 8.9 12.9 17.0 21.0
1.5 1.9 2.2 2.5 2.7 5.0 9.0 13.0 171 21.1
2 2.1 2.3 2.6 2.8 51 9.1 13.1 17.2 21.2
2.5 2.3 2.4 2.6 2.9 5.2 9.2 13.2 17.3 21.3
3 2.4 2.5 2.8 3.0 5.3 9.3 13.3 17.4 21.4
3.5 2.5 2.6 2.9 3.1 5.4 9.4 13.4 17.5 21.5
4 2.6 2.7 3.0 3.2 5.5 9.5 13.5 17.6 21.6
4.5 2.7 2.8 31 3.3 5.6 9.6 13.7 17.7 21.7
5 2.8 2.9 3.2 3.4 5.7 9.7 13.8 17.8 21.8
5.5 3.0 31 3.3 35 5.8 9.8 13.9 17.9 21.9
6 31 3.2 3.4 3.6 5.9 9.9 14.0 18.0 22.0
6.5 3.3 3.4 35 3.7 6.0 10.0 141 18.1 221
7 3.6 3.7 3.8 3.9 6.1 101 14.2 18.2 22.2
7.5 4.0 4.1 4.2 4.3 6.2 10.2 14.3 18.3 22.3
8 4.2 4.3 4.4 4.5 6.6 10.3 14.4 18.4 22.4
8.5 4.5 4.6 4.7 4.8 6.9 10.4 14.5 18.5 22.5
9 4.6 4.7 4.9 5.0 7.0 10.5 14.6 18.6 22.6
9.5 4.8 4.9 5.0 5.1 7.2 10.6 14.7 18.7 22.7
10 4.9 5.0 5.1 5.2 73 10.7 14.8 18.8 22.8

Table 10 California bearing ratio behaviour of DOPC+QDbGPC (%) treated soil with 16% CWG
10. tablézat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (16% CWG esetén)
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Plunger Plunger Load (kN)
Pen(:n:)tion California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 20% CWG

0+40 5+35 10+30 20+20 25+15 30+10 35+5 40+0
0.5 1.7 2.0 2.3 2.6 4.9 8.9 12.9 17.0 21.0
1 1.8 2.2 2.5 2.7 5.0 9.0 13.0 171 211
1.5 2.0 2.3 2.6 2.8 5.1 9.1 13.1 17.2 21.2
2 2.2 2.4 2.7 2.9 5.2 9.2 13.2 17.3 21.3
2.5 2.4 25 2.8 3.0 5.3 9.3 13.3 17.4 21.4
3 2.5 2.6 2.9 3.1 5.4 9.4 13.4 17.5 21.5
3.5 2.6 2.7 3.0 3.2 5.5 9.5 13.5 17.6 21.6
4 2.7 2.8 3.1 3.3 5.6 9.6 13.6 17.7 21.7
4.5 2.8 2.9 3.2 3.4 5.7 9.7 13.8 17.8 21.8
5 2.9 3.0 3.3 3.5 5.8 9.8 13.9 17.9 21.9
5.5 3.1 3.2 3.4 3.6 5.9 9.9 14.0 18.0 22.0
6 3.2 3.3 3.5 3.7 6.0 10.0 14.1 18.1 221
6.5 3.4 3.5 3.6 3.8 6.1 10.1 14.2 18.2 22.2
7 3.7 3.8 3.9 4.0 6.2 10.2 14.3 18.3 223
7.5 4.1 4.2 4.3 4.4 6.3 10.3 14.4 18.4 22.4
8 4.3 4.4 4.5 4.6 6.7 10.4 14.5 18.5 225
8.5 4.6 4.7 4.8 4.9 7.0 10.5 14.6 18.6 22.6
9 4.7 4.8 4.9 5.1 71 10.6 14.7 18.7 22.7
9.5 4.9 5.0 5.1 5.2 7.3 10.7 14.8 18.8 22.8
10 5.0 51 5.2 5.3 7.4 10.8 14.9 18.9 22.9

Table 11  California bearing ratio behaviour of OPC+QDbGPC (%) treated soil with 20% CWG
11. tabldzat OPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke (20% CWG esetén)

o%CrushedWasteG|m| P T T T T T T 14% Crushed WasteGlasses| T 7 7 7 T T T 7T T [8%CrushedWasteGlasses| T T T T T T T T T

Plunger Load (kN)

Plunger Load (kN)

Fig. 7 Effect of crushed waste glasses proportion on the CBR behaviour of DOPC+QDbGPC (%) treated soil

A

}511

;;vv_v-v—v-v—v—v-
iy

[ y-v-vrvy vy

! -
i m -

299 00" -0 O 00O 000"
205

»EE-u-E

OV VYV

00O T
-0 1 0004—0000’&000

R aaAS SRS
v |

aEE-E-EE_L
..}’._|_._. - EE-E-E

v |

i

1

Y_,quv—v -v-v¥¥

R vk v A

-0 T
-0 [ 60000000000
] 1

-v- vwv--v—V’V‘""v_v—v

e aa AN i
4 ,“V—V—V—V"V’V‘V

_g-m-EEE-EaE L
uE-u ——

n
[

Tvvw—v—r

¥ V-V

7V

- O OO0
V-V YY |
V-V

_._.-ii-l—l-l-l"""'l—

:’r’, n-o-0-0 i ~ D—EI—D‘D"D T n,r‘: ~ _D_D_D—EHZI 7
to-0-0-0-0-0- 00 i ooa DD,&&M—WI}DDG o-o o0 I}DD_{I e 4444 [iin 0 -0-0-0- 5007 D_DW_
gggé#&#&#ﬂaﬂ 1 ﬁgﬁ#&#:&-&##—ﬁ- Fastasseess ]
|||||||||I|I|I|I|I- |||||||||I|I|I|I|I-’||I|||I|||||I|I|I|I
012345678910012345678910012345678 10
Plunger Penetration (mm)
12%CrushedWesteGlm| roreTe '04; 16% Crushed WasteGlm| L <I>-<>‘<I> 20%CrushedW$teGla$es| L oé-<><l>
- ©-0-0-C T ©0-O-¢ T 000 1
:@?O*H}O‘)”'(*OOO -0 | ?@-Ooo<u>o<><><*<>° __?_Oooov&ooo >-¢ ]
I ilv-v—v—v-v“"""""L'*_'—r‘*_v_v_v, T ilr‘v-V-V"'"""""'hJ'_'—v—'k’w_v_w'“v T i:ruv-v-vvv-v—v—v-ww—v—vv*-v-v“v*" |
! uy o R
W -V _ - V-V VT - -V VIV
.:::"y—v—vvv-v—vvv-V'V‘V‘V‘V v lig-vevvvvv vV VYV liy-vvvvvyvy \aha i |
! _ =a n':‘.' - RN - --m-n
TR e R TR S amE-E-EEEE-E-EE . Tim-n-w-um-n- aaEE-E-EEEE-EE ﬂ D_
Ml _o-oroo Tl o-orooa T _o-oo-0-0
."’DD‘D o e &Dﬂﬂiiiiw n':D-D—D—D-D-D‘U‘D'D'D'D_D—DDD N -6 - ’l,‘.HII oo oO-o-oooa-esod e s
.u v&—g##-’é—‘é-**-ﬁ—'é“ -,}:é:#g:&—’ﬁ&##-%c& | 3’ 'ﬁ: e g#ﬁ####**"* |
.|.|.|.|.|.|.|.|.|.|.'.".|.|.|.|.|.|.|.|.|.|.!' L [ B I
012345678910012345678910012345678910
Plunger Penetration (mm)
--0--GPC:OPC=0:0 --a4--GPC:0OPC=10:30 --+--GPC:OPC=30:10
--e--GPC:0OPC=0:40 --0-- GPC:0OPC=20:20 --v--GPC:0OPC=35:5
--&--GPC:OPC=5:35 --#-- GPC:0OPC=25:15 --<¢-- GPC:0OPC=40:0

7. dbra  Zizott iiveghulladék ardnydnak hatdsa a DOPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értékére

194

= 2020/6 = Vol. 72, No. 6



épitoanyag - Journal of Silicate Based and Composite Materials

CWG Propor- CBR of DOPC+QDbGPC (%) treated soil with CWG

e s ) 5+35  10+30  20+20 25+15  30+10  35+5 40+0
0 13 14 17 19 36 66 97 128 158
4 14 15 17 20 37 67 97 128 159
s 16 16 18 20 38 68 08 129 159
12 17 17 20 21 39 69 929 130 160
16 17 18 20 22 39 69 100 131 161
20 18 19 21 23 40 70 100 131 162

Table 12 California bearing ratio of DOPC+QDbGPC (%) treated soil with CWG
12. tablazat CWG tartalmii DOPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke

(CAH), which are the major compounds responsible for the
formation of sequestrum, flocs and strength development [1, 2].
The soil + QDbGPC blends at 40:0% by weight cementation met
the minimum requirement for CBR value of 20 — 30% specified
by Dogbey and Gidigasu [60] for materials suitability for use
as base course materials when determined at MDD and OMC.
Increase in CBR value, was an indication of the improvement
observed in MDD, which is attributed to the compatibility of the
grains of soil due to the increased cations released and the high
pozzolanic and silicate properties of the QDbGPC such that
greater polycondensation and densification were achieved.

Flc—= 0% cwG

160 |- 4% CWG %
=1 E 8% CWG 7
SUOE S 12 %
EE 12% CWG 7
£ 120 || emmm 16% CWG ?
fnmo F | === 20% CWG ¢
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Proportion of DOPC to QDbGPC (DOPC/QDbGPC)

Fig. 8 California Bearing Ratio of DOPC+QDbGPC (%) treated soil with CWG
8. dbra CWG tartalmit DOPC+QDbGPC-vel kezelt talaj kaliforniai teherbirdsi értéke

5. Conclusions

The test soil treated alternately with QDbGPC and OPC in
the ratios of 0:0, 0:40, 5:35, 10:30, 15:25, 20:20, 25:15, 30:10,
35:5, and 40:0% by weight respectively under the influence of
4%, 8%, 12%, 16% and 20% by weight crushed waste glasses
over the cemented test soil was experimented in the lab and
concluded as follows;

i.  The preliminary test on the natural soil showed that
the test soil was an expansive problem soil of highly
plastic consistency unsuitable to be used as a pavement
foundation material.

ii. 'The increase in the proportion of quarry dust based
geopolymer cement and reduced ordinary Portland
cement proportions improved the consistency,
compaction and California bearing ratio characteristics
of the soil

iii. The addition of crushed waste glasses also improved the
tested properties of the soils of consistency and strength
development.

iv. The use of 40:0% by weight of solid of the QDbGPC and
DOPC respectively produced the highest improvement of
the consistency and strength development characteristics
of the treated soil.

v. This improvement has been achieved at zero release of
CO, into the atmosphere (at 40:0% cementation) because
the geopolymer cement is an ecofriendly geomaterials.

vi. Finally, the test exercise has generated a disposal
mechanism for waste glasses and quarry dust as solid
waste materials with an attendant improvement to soil
reengineering for pavement foundation purposes in the
composite blend of the silicate-based geopolymer cement.
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Abstract

Ceramic metal composites are promising advanced materials compared to conventional
materials due to special properties such as: low weight, low cost, wear resistance, corrosion
resistance, and high strength, etc. Stir casting is one of the lowest costs and simplest ways of
making aluminium matrix composites. The main limitations of stir casting are poor distribution
with combination of the reinforcement ceramic particles (agglomerations) in the metal matrix,
porosities in composites during fabrication, and wettability of ceramic particles with molten
metal’s. Enhancement of stir casting parameters for Ceramic-Metals Matrix Composites (CMMCs)
is the main objective for many studies. In this paper, the stir casting process will be discussed
in detail with parameters affecting the homogeneous distribution of reinforcements, porosities
in composites during fabrication, and the mechanical properties of the ceramic metal matrix

composites.
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1. Introduction

A composite material can be defined as a combination of
the best properties of each of the component materials; each
material retains its separate chemical, physical, and mechanical
properties. The three major composites are: ceramic matrix
composite (CMMC), metal matrix composite (MMC), and
polymer matrix composite (PMC). The three composites have
a different properties and production methods that portrays
specific behavior and capabilities. The main advantages of
composite materials are their high strength and stiffness,
combined with low density, fatigue life, and high corrosion
resistance. The reinforcing stage provides the strength and
stiffness. In most cases, the reinforcement is harder, stronger,
and stiffer than the matrix. The reinforcement is usually a fiber
or a particulate with regular or irregular shape. Particulate
reinforced composites usually contain less reinforcement
(up to 40 to 50 volume percent) due to processing difficulties
and brittleness [1]. There are several fabrication techniques
available in manufacturing the CMMC materials. Fabrication
methods can be divided into three types. These are solid phase
processes, liquid phase process, and semi-solid fabrication
process. Liquid phase process includes stir casting, liquid
metal infiltration, squeeze casting, and spray code position
[2,3]. Ceramics particles are good candidate as reinforcement
materials such as oxides, carbides, and nitrides which are
characterized by their strength and stiffness at ambient and
elevated temperature. Choosing the manufacturing process for
any MMC:s is based on several factors such as the: maintenance
of reinforcement strength, minimization of reinforcement
damage, promotion of wetting and bonding between the
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matrix and reinforcement, ability to achieve the spacing
and orientation of reinforcement with the matrix, and cost.
With these several fabrication techniques, there are however
problems associated with homogeneous distribution of
reinforcement, and porosity in composites during fabrication,
essential for optimum mechanical properties of MMC [4-10].
Literature survey indicate that various parameters of stir casting
process such as: stirring speed and time, stirring blade angle,
pouring temperature and solidification rate, reinforcement’s
percentage and size have major effect on fabrication of MMC.
Enhancement of parameters of stir casting process for CMC
is the main objective for many studies. Few of these works are
concerned with parameters that are affected by homogeneous
distribution of reinforcement, and porosities in composites
during fabrication which are the essential for optimum
mechanical properties of MMC [11].

2. Stir casting

Stir casting is currently the most popular commercial
method of producing aluminum-based composites. Stir casting
of MMCs was initiated in 1968 [12,13]. In this process, powder
form as reinforcing phases are usually distributed into molten
metal’s by mechanical stirring as shown in Fig. 1. Non-uniform
distribution, and porosity in casted CMMCs consider main
disadvantages for stir casting process. Generally, the difference
in density is between the liquid metal and the reinforcement
and the consequent tendency to reinforce the sink or float,
resulting in nonuniform distribution of the reinforcement in
the solidified composite.
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Fig. 1 Mechanical stirring
1. dbra Mechanikus keverés

3. Effect of stirring speed and time on
distribution of particles and porosities in casted
CMMCs

For most applications, a homogeneous distribution of the
particles is desirable in order to maximize the mechanical
properties. Prabu et al. [14] reported by microstructure analysis
that during lower speed and lower stir time particle clustering
occurred in some places, and some places were identified
without SiC inclusion. By increasing the stirring speed and
stirring time better homogeneous distribution of SiC in the Al
matrix were found. Better distributions of SiC were found at
600 rpm and 10 min stirring time condition as shown in Fig. 2.

Fig. 2 Microstructure of Al-10%SiCp MMC fabricated at 600 rpm: (a) 5 min
stirring; (b) 10 min stirring; (c) 15 min stirring
2. dbra 600 fordulat/perc sebességen készitett Al-10%SiCp MMC mikroszerkezete: (a)
5 perc keverés utdn; (b) 10 perc keverés utdn; (c) 15 perc keverés utin

Also, they reported that with higher speeds (700 rpm), more
porosity has been observed in the microstructure which lead
to minimize the mechanical properties. From Fig. 3 Adetayo
et al. [15] explained the influence of stirring speed on stir
casting synthesis of 15 wt% silicon carbide particle reinforced
aluminium alloy (SiCp-6061 Al) composite.
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Fig. 3 Microstructure of 15 wt% SiCp Al composite processed at (a) 300 rpm (b) 500
rpm and (c) 700 rpm. The formation of composites, porosity, and micro cracks
are indicated

3. dbra 15 wt% SiCp Al kompozit mikroszerkezete kiilonbozd fordulatszam esetén:
(a) 300 (b) 500 és (c) 700 fordulat/perc. A kompozitok kialakuldsdnak,
repedéseknek és pérusok helye az dbrin jelezve

They reported that at 300 rpm, it is observed from the
micrograph that regions of clustering and micro porosity are
detected. Moreover, the distribution of SiC is not uniformly
dispersed. This indicates that 300 rpm is insufficient to achieve
homogenous distribution of SiCp in the Al alloy matrix. With
higher stirring speed of 500 rpm, an improved distribution
of the SiCp is achieved. Moreover, vortex formation is found
to be minimized at 500 rpm stirring speed thereby stabilizing
centrifugation which may lead to minimal stirring efficiency
and potentially severe air entrainment at higher stirring
condition. At higher stirring speed of 700 rpm, the porosity
in the microstructure is more pronounced. This condition is
attributed to the vigorous vortex formation due to high stirring
speed which enables oxide skins, gases and contaminants to
be entrained in the melt. Furthermore, the distribution of the
SiCp is not effective enough due to the formation of undesirable
conditions such as large porosity and gas entrapment. Also,
Aqida et al. [16] explained that low rpm of the stirrer applies
less shearing force on the matrix metal and there is no space
for the reinforcement particles (dispersed phase) to distribute
uniformly throughout the matrix. Moreover, the dispersed
phase has the tendency to agglomerate and form clusters. This
happens due to the absence of the required force to resist it.
At higher speeds of the stirrer the shearing force applied on
the matrix metal is higher which creates the passage for the
dispersed phase to move inside through the vortex created
by stirring. The energy supplied by high speed rotation of the
stirrer is strong enough to disperse the particles of the dispersed
phase which causes uniform distribution of the dispersed phase
into the matrix. It was also founded out by the researchers that
on increased stirrer speeds there is chance for the gas particles to
move inside the matrix and increase the porosity [16]. Hashim
et al. [17] reported that it has also been indicated that the
reinforcement particles occupy inter dendritic and secondary
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dendrite arm spacing; therefore, the finer the spacing or the
finer the matrix grain size, the better is the particle distribution.
Also, the processing temperature effects the viscosity of the
melt. The particle distribution is subjective to the viscosity
change. So, the stirring speed is considered as a crucial factor in
the fabrication of MMCs. The stirring action should be slow to
prevent the formation of vortex at the surface of the melt, and
care must be taken not to break the surface too often, which
could contaminate the bath with dross. Use of a slowly rotating,
propeller like mechanical stirrer is preferred by some foundries.
In fact, results of laboratory studies indicate that the mechanical
property of the casting are maximized by continuous stirring
versus intermittent (hand) stirring. When induction melting,
the furnace’s natural eddy current stirring action usually is
sufficient to disperse the particles, although supplementary
hand stirring (with the power off) also is recommended to
ensure that no particles have congregated in potential “dead”
zones [18]. According to R. S. Rana et al. [19] porosity is a
casting defect and is undesirable as far as Aluminjum matrix
composite castings are concerned. However, the process
parameters of holding times, stirring speed, and the position of
the impeller affect the development of porosity. It has also been
reported by Vaibhav Ingle ef al. [20] that the structural defects
during casting like porosity are a result of unsatisfactory casting
technology. Hashimet et al. [21] reported that the occurrence
of porosity cannot be ruled out however, it can definitely be
minimized. Porosity formation is caused by:

i. Gas entrapment during vigorous stirring,

ii. Air bubbles entering the slurry either independently or as
an air envelope to the reinforcement particles,

iii. Water vapor (H,0) on the surface of the particles,

iv. Hydrogen evolution, and

v.  Shrinkage during solidification.

Generally, this non uniformity and porosity are generated
due to, difference in density between the liquid metal and the
reinforcement, oxide skins, and formation of gases. Therefore,
and optimum stirring speed and time are required in order to
achieve uniform distribution in the matrix with less porosity.
Also uniform distribution in the matrix with less porosity can
be improved by: keep the viscosity within the allowed limit,
alloys with minimum reactivity to the reinforcement must be
used, covering the melt with an inert gas atmosphere to reduce
the oxidation, giving heat treatment to the reinforcement
particles to remove gas layer around the particle surface which
impedes wetting between the particles and molten metal’s, and
stirring of the melt to minimize the settling of particles due to
density difference [22-25]. Based on the studies highlighted, the
stirring speed is recognized as an important process parameter
for processing aluminum composite [26-29].

4. Effect of stirring blade number with angle on
distribution of particles and porosities in casted
CMMCs

The blade angle (Fig. 4) and number of blades are prominent
factor which formed the vortex by the stirring on solid-liquid
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mixing to transfers reinforcements particles into the melt from
the liquid surface and lead to uniform distribution. Therefore,
selection of a suitable blade angle, and numbers of blades are
crucial to acquire good level of axial flow and shearing action
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Fig. 4 'Three blades stirrer, showing different blade angles
(a) 0° (b) 30° (c)45° (d) 60°, (e) 75° and (f) 90°
4. dbra Hdrom pengés keverdk, kiemelve azok kiilonbozé penge dblési szogét: (a) 0°
(b) 30° (c)45° (d)60° (e) 75°és (f) 90°

To investigate the effect of blade angle, researchers used
water model and CFD model. They selected blade angle as 15,
30, 45, 60 and 90°. In a water model Ravi et al. [31] investigated
the effect of impeller blade angle over the distribution of
solid particles in the liquid. They found at low angle (a=15°)
particles are dispersed below the stirrer. Impeller with blade
angle (a=30°) performed well and shows uniform dispersion
without concentration of particles. Whereas, impeller
with high blade angle (a>30°), most of the solid particles
concentrate at just below the tip of the impeller blade which
results more radial variation. Thus, 30° was concluded as
optimal value of blade angle with respect to stirrer axis which
is in good agreement with FEM Model by Sahu and Lu. They
attempted to reduce stagnant and dead zones in the flow
pattern with blade angle 30, 45, 60 and 90° with respect to
the impeller axis. Inactive zone in the cylindrical portion and
bottom portion of the crucible are said stagnant zone and dead
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zone respectively [32, 33]. Also S. Naher, D. Brabazon, L. et
al. [34] observed that at 100 rpm and with 0 and 30 degree
blade angles no uniform dispersion resulted, but with 45 and
60 degree blade angles there was full particulate dispersion.
It is further observed for all stirring speeds that dispersion
rates increase with increasing blade angle. The turbine blade
also produces dispersion times similar to the best found for
the flat bladed stirrers (Naher). They founded the uniform
dispersion time for 10% SiC particles for different stirrer types
and stirring speeds in water of viscosity 1 mPas. Whereas no
dispersion occurred for the higher viscosity glycerol/water
mixtures below 150 rpm. it was found that for most cases the
60 degree angle produced the lowest dispersion times. The
turbine stirrer again produced the lowest dispersion time. Very
similar results were observed for the higher viscosity (300, 500,
800 and 1000 mPas) glycerol/water mixtures tested. High blade
angle (a>90°) lead to high level of shearing flow and consume
high power as well. Shearing action ensure the solid particle
suspension in the melt but without axial suction pressure it is
difficult to suck solid particles into the melt. The axial flow can
be increased by decreasing the blade angle and significant axial
flow was seen close to the liquid surface when the blade angle
decreased to 30° [32, 33, 34]. Moreover, stirring time plays
an important role over the distribution of solid particles and
power consumption by the stirring motor. Kevin Kurian Paul
and Sijo MT [28] reported that the Al-20 wt.% SiC composite
samples by stir casting with 4 Blade Stirrer have high tendency
to form particle cluster than 3, and 2 Blade Stirrer due to the
homogeneity in mixing Sic additions to the composite which
acts as a reinforcement for the aluminium matrix. Also, they
confirmed that mechanical properties show greater strength
and hardness for four blade stirrers than two blade and five
blades. Many researchers [35,38] reported that the increasing
vortex height as shown in Fig. 5 depend on stirring speed and
viscosities of mixtures. Much greater vortex height observed in
high stirring speeds and low mixtures viscosities.
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Fig. 5 Vortex and mixture heights
5. dbra Orvény- és keverékmagassdg

Skibo et al. [37] proved that vigorously stirring in the melt
so as to mix the reinforcement particles incorporated in the
melt introduces a greater proportion of gas into the slurry.
High velocity of slurry, due to higher stirring speeds forms a
vortex on the surface of the slurry. The formation of a vortex
on the surface was quite helpful in the movement of ceramic
particles into the slurry of alloy and reinforcements. This was

attributed to the pressure difference created between the inner
and the outer surface of melt, which pulls the ceramic particles
into the melt. This has been reiterated by Ghosh and Ray [38]
that the extent of porosity in a cast composite depends on the
state of agitation and it can be reduced by the control of certain
process variables. A vortex created during the stirring can suck
the air or gas bubbles in to the liquid metal. As the results, the
particles were attached with air bubbles to form the particles
cluster in the matrix. At higher temperature (>800 °C), more
particles cluster are found in the composite bar [39].

5. Effect of solidification rate on distribution of
particles and porosities in casted CMMCs

In general, the solidification rate effect on distribution
of reinforcement particles, grains size of metals matrix,
and porosity which are essential to achieve optimum
mechanical properties. The solidification rate is one of the most
important factors that affects the reinforcement distribution
in composites fabricated by gravity casting and has been
investigated in depth both theoretically and experimentally.
When the cooling rate is higher than the critical rate, the
reinforcement distributes homogeneously in the composite. To
improve the properties of composite, should reduce the stirring
temperature, and solidify the liquid metal rapidly, or add
alloying elements into the matrix alloy [40,41]. Muthazhagan et
al. [42] observed by micro structure results of Al-B4C-Graphite
composite revealed uniform distribution of reinforcements at
a medium cooling rate of solidification whereas solidification
at a slow cooling rate resulted in settlement of reinforcement at
the bottom of the composite due to density variation of boron
carbide, graphite and aluminium. Also, there is enough time
for settling down of reinforcement particles at the bottom.
Solidification at faster cooling rates resulted in entrapment
of particles at the top of the composite. Solidification at faster
cooling rates after a homogeneous distribution of the particles
in matrix with minimum porosity formation is required to
achieve optimum mechanical properties. Also A.Labib et al.
[43] reported that the result of Al/Si-10 vol.% SiC composite
properties are basically controlled by the solidification rate.
Higher solidification rates promote homogeneous distribution
of the SiC particles. Also M. Makhlouf et al. [44] confirmed
that the cooling rate has a marked effect on the grains size,
morphology, and distribution of all the microstructural
constituents. Increasing cooling rate refines all microstructural
features in size, changes the morphology of some reinforcement
particles, and decreases the size of all intermetallic compounds
regardless of their type. The rate of solidification in Al/Si
composite depends on a balance between the rate of heat flow
from the liquid to the solid through the interface and the latent
heat of fusion released during solidification. The thermal
conductivities of Al and Si in their pure form are 205 and 83
W/mK respectively, and their latent heats of fusion are 396
and 1411 J/g respectively. Since the difference between the
magnitude of the thermal conductivity of pure Al and pure Si
and the difference between the magnitude of the latent heat
of fusion of pure Al and pure Si are large, Al will solidify and
shrinkage much faster than Si as shown in Fig. 6(a).
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Fig. 6. Solidification in cast Al-Si alloys [53]
6. dbra  Al-Si 6tvozetek szildrduldsi folyamata [53]

By fast cooling the different in cooling rate between Al and
Si decreased which lead to solidified the Al completely over Si
particle as in Fig. 3(b) and (c).

Pradeep Rohatgi et al. [45] also reported that the thermal
conductivity and heat diffusivity of particles are generally less
than those of the melt, and during the cooling process, the
temperature of the particles will be higher than that of the melt.
In such cases, it is difficult for the primary phase to nucleate
at the particle surfaces. Thermal analysis showed that the
unreinforced alloys exhibited undercooling for primary-phase
nucleation, whereas the composites generally did not show any
significant undercooling. The grain size of the composites is
often smaller than that of the unreinforced alloy under identical
casting conditions. Solute diffusion is impeded during growth
due to the barrier effects of particles [46]. Solidification at faster
cooling rates resulted in entrapment of porosity throw-out the
composite whereas slow cooling rate form composite with less
porosity due to enough time for releasing air bubbles during
solidification. Generally, this non uniformity and porosity are
generated due to, difference in density between the liquid metal
and the reinforcement, oxide skins, and formation of gases.
Also, uniform distribution in the matrix with less porosity can
be improved by: keep the viscosity within the allowed limit,
alloys with minimum reactivity to the reinforcement must be
used, covering the melt with an inert gas atmosphere to reduce
the oxidation [47].

6. Effect of reinforcement’s weight percentage,
particles size and on distribution of particles and
porosities in casted CMMCs

The volume fraction, and particle size also influence the
composite particle distribution. Anjan et al. [48] was prepared
Al-SiC composites containing 5%, 10% and 15% weight
fractions of silicon carbide particles by stir casting technique.
The effects of volume fraction of SiC particles and its dispersion
on the properties of Al/SiC composites were investigated.
Anjan et al. Reported based on experimental evaluation that
tensile strength and hardness were significantly improved by
the addition of SiC particles, and clustering of silicon carbide
particles in aluminum matrix were observed in microstructure
and porosity level increased with increase in SiC Content.
Also, Khalid Mahmood [49] Reported that percentage
of SiC should be selected is in line with the information
comprehensively reviewed. Also, by using fine particle size,
the problem arising from the centrifugal force can also be
minimized that produces segregation in the melt due to which
the non-uniform properties are attained [50]. By decreasing

202 . = 2020/6 = Vol. 72, No. 6

alumina particle size from micrometer to nanometer, more
frequent interactions occur between Al and hard particles.
Moreover, decreasing alumina particle size from micrometer
to nanometer led to the reduction of alumina inter-particles
distance. Decreasing the distance between alumina particles
will increase required tension for dislocation movement
between alumina particles and, consequently, enhancement
of composite strength [50]. Microstructural analysis of the
developed composites indicates that coarse size garnet mineral
particles are uniformly distributed in the matrix of LM13 alloy
compared to fine size particles. However, particle clustering is
observed for fine size reinforced composites [51]. With higher
percentage of reinforcements which were stirred for relatively
longer time during their processing, have an increased
amount of air bubbles sucked into the molten metal vortex.
It was found that there is a positive correlation between the
particle volume percentage incorporated in a composite and
the porosity content of that composite. According to Surrappa
[52], in cast metal matrix composites the occurrence of
porosity can be attributed invariably to the amount of H, gas
present in the melt, oxide film on the surface of the ceramic
particle, which is drawn into the molten metal at the time of
stirring. Vigorously stirred melt or vortex tends to entrap gas
into the molten mixture. Nripjit et al. [53] also found that the
porosity of the reinforced composite is more as compared to
unreinforced alloys and goes on increasing with the increase
in the volume fraction of the reinforcements in aluminium
alloy matrices. In general, with increasing reinforcement
weight percentage, and decreasing particles size a significant
improvement in the mechanical properties were observed. On
the other hand, a sharp reduction in the mechanical properties
were observed which was finer particulate and high mass
fraction addition level due to high possibility of agglomeration
and porosity [54]. Wettability is another significant problem
when producing cast metal matrix composites. Wettability can
be defined as the ability of a liquid to spread on a solid surface
to improve wetting of ceramic particles are:
1. increasing the surface energies of the solid,
2. decreasing the surface tension of the liquid matrix alloy, and
3. decreasing the solid+liquid interfacial energy at the
particle matrix interface.

The proper dispersion of reinforcement materials was
affected by pouring rate, pouring temperature and gating
systems. This paper provides a comprehensive factor that
effect on distribution of particles and porosities in casted
CMMCs. several authors reported that uniform distribution
of the reinforcement particles with less porosity is necessary
for the improvement in the properties of MMC:s like hardness,
toughness, tensile strength etc. [55-58].

7. Conclusions

Stir casting is currently the most popular commercial
method of producing aluminum-based composites. In this
process, powder form as reinforcing phases are usually
distributed into molten metal’s by mechanical stirring. Non-
uniform distribution, and porosity in casted CMMCs consider
main disadvantages for stir casting process.
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During lower speed and lower stir time particle
clustering occurred in some places, and some places
were identified without inclusion.

By increasing the stirring speed and stirring time better
homogeneous distribution of SiC in the Al matrix were
found.

At higher stirring speed of 700 rpm, the porosity in the
microstructure is more pronounced. This condition is
attributed to the vigorous vortex formation due to high
stirring speed which enables oxide skins, gases and
contaminants to be entrained in the melt.

Optimum stirring speed and time are required in

order to achieve uniform distribution in the matrix
with less porosity. Also uniform distribution in the
matrix with less porosity can be improved by: keep the
viscosity within the allowed limit, alloys with minimum
reactivity to the reinforcement must be used, covering
the melt with an inert gas atmosphere to reduce the
oxidation, giving heat treatment to the reinforcement
particles to remove gas layer around the particle surface
which impedes wetting between the particles and
molten metal’s, and stirring of the melt to minimize the
settling of particles due to density difference.

Selection of a suitable blade angle, and numbers of blades are
crucial to acquire good level of axial flow and shearing action.
With 45- and 60-degree blade angles there was full particulate
dispersion. It is further observed for all stirring speeds that
dispersion rates increase with increasing blade angle.
Dispersion rates increase with increasing blade angle,
whereas no dispersion occurred for the higher viscosity
glycerol/water mixtures below 150 rpm.

Most cases the 60-degree angle produced the lowest
dispersion times.

High blade angle (a>90°) lead to high level of shearing
flow and consume high power as well. Shearing action
ensure the solid particle suspension in the melt but
without axial suction pressure it is difficult to suck solid
particles into the melt.

The axial flow can be increased by decreasing the blade
angle and significant axial flow was seen close to the liquid
surface when the blade angle decreased to 30° [39, 40, 41].
Solidification at faster cooling rates after a
homogeneous distribution of the particles in matrix
with minimum porosity formation is required to
achieve optimum mechanical properties.

Solidification at faster cooling rates resulted in entrapment
of particles at the top of the composite in some cases.
Solidification at faster cooling rates resulted in
entrapment of porosity throw-out the composite
whereas slow cooling rate form composite with less
porosity due to density and the enough time for
releasing air bubbles during solidification.
Solidification at a slow cooling rate resulted in
settlement of reinforcement at the bottom of the
composite due to density variation of boron carbide,
graphite and aluminium.

= With increasing reinforcement weight percentage, and
decreasing particles size a significant improvement in the
mechanical properties were observed. On the other hand, a
sharp reduction in the mechanical properties were observed
which was finer particulate and high mass fraction addition
level due to high possibility of agglomeration and porosity.
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Abstract

Annealing, as a possible glass investigating method was used for the first time in the Hungarian
Institute for Forensic Sciences (HIFS). Glass is a frequently examined evidence type in forensic
investigations. In the case of glass microfragments, the most common method for characterization
is the measurement of the refractive index (RI). This characteristic value changes after heating
up and cooling down the fragments according to the degree of the internal structural stress. The
extent of this change (ARI) can be used in glass characterization and investigation. In the present
study, first 25-25-25 toughened, nontoughened plate and container glasses were investigated.
It has been found that, based on the ARI values, these glass types are distinguishable.
Furthermore, the type of an unknown glass sample most likely can be determined. In real forensic
cases it has been shown that a) more reliable information on the possible origin can be obtained
if the refractive index measurements are supplemented with the examination of the Rl values
after annealing; b) if fragments have Rl values very close to each other, the origin may be clarified
using ARI, especially in those cases when the control samples with the same refractive indices
are different types of glasses. The experiments were carried out on fragments in the range of
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1. Introduction

Glass is a frequently examined material [1, 2], and it is also
important - as crime evidence - in forensic laboratories [3].
In the case of criminal activities including glass breaking,
small fragments may transfer to the clothing of the persons
standing nearby, and glass fragments can also be found on
the objects used for the breaking. To associate a person or
an object with the crime scene, a comparison of the control
sample(s) and the recovered fragments from the clothes
or objects is required. A useful comparison method is the
measurement of the refractive index, which has the advantage
over other techniques, e.g. X-Ray Fluorescence Spectrometry
(XRF), Inductively Coupled Plasma - Mass Spectrometry
(ICP-MS) or Scanning Electron Microscopy with Energy
Dispersive Spectroscopy (SEM/EDS), that it can be applied
for glass fragments smaller than 100 um in one dimension.
However, the discrimination force of the refractive index (RI)
is usually not as good as of the above-mentioned techniques.
A possible way of improving the discrimination is the process
of annealing. Glass has internal structural stress due to its
thermal disequilibrium, which depends on the type of the
glass. Because of the manufacturing process, toughened glass
has greater internal structural stress compared to the non-
toughened glasses. Annealing (heating up followed by a very
slow cooling) minimizes this stress, which results in an increase
in the RI values, so the difference between the post- and the

preannealed RI values (ARI) is a characteristic feature of the
stress level in the investigated glass [4]. Locke and Hayes have
shown that the ARI value is in the range of 0.00173-0.00206
for toughened, 0.00086-0.00144 for non-toughened float,
patterned or plate glass, while 0.00073 for container glass [5].
Work performed by Cassista and Sandercock [6], Locke and
Rockett [7], Winstanley and Rydeard [8], and Marcouiller [9]
has been also shown and confirmed that toughened glass can
be classified by annealing. It was also shown that the increase
of the heating time (6-12-24 hours) increases the measured
ARI value [10].

The aim of our work was to carry out annealing experiments
for the first time in the Hungarian Institute for Forensic
Sciences, including the investigation of 25-25-25 toughened,
nontoughened plate and container glasses, and testing the
discrimination power of the annealing method in real cases.

2. Methods

Refractive indices were measured by the oil immersion
method using the GRIM®3 system made by Foster&Freeman.
A narrow-band pass filter (589 nm) was used to choose the
appropriate wavelength and to block the other lines of the light
source. All investigated glass microfragments were mounted
onto separate microscope slides, covered with a few drops of
silicone oil (Locke Scientific Oil B), crushed with a dissecting
needle and covered with a thin glass cover plate. The fragments
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Container glasses

Plate glasses

Toughened glasses

Rlafter Rlaﬂer Rlafter

1.51959 1.51993 34-10° 1.51729 1.51842 113.10°° 1.51995 1.52186 191-10-°
1.52339 1.52375 36:10° 1.52066 152143 77-10°° 1.51961 1.52160 199-105
1.52477 1.52509 3210 1.51683 1.51751 68105 1.52053 1.52255 202-10-°
1.52346 1.52377 31.10°° 1.51417 1.51515 98105 1.52109 1.52311 202-10°°
1.52527 1.52547 20-10-5 1.51773 1.51881 108:10-° 1.52291 1.52471 180-10-°
1.52446 1.52470 24.10°° 1.51383 1.51485 102-10-° 1.52102 1.52309 207-10-°
1.52546 1.52576 30-10-° 1.51571 1.51681 110-10-° 1.52436 1.52619 183-10-°
1.52047 1.52081 34.10° 1.51853 1.51944 91.10-° 1.52149 1.52355 206-10-°
1.52200 1.52235 35.10-° 1.51894 1.51993 99-10-° 1.51762 1.51951 189-10-°
1.52385 1.52423 3810 1.51761 1.51855 94.10-° 1.52426 1.52621 195-10-°
1.52426 1.52448 22:10° 1.51530 1.51633 103-10-° 1.52447 1.52632 185-10-°
1.52300 1.52331 31.10°° 1.52097 1.52182 85-10-° 1.52237 1.52435 198:10-°
1.52412 1.52440 28:10-° 1.52077 1.52140 63-10-° 1.52437 1.52632 195.10-°
1.52400 1.52435 35.10-° 1.51433 1.51524 91.10°° 1.52006 1.52201 195-10-°
1.52140 1.52180 40-10-5 1.52101 1.52172 71105 1.51911 152110 199-10-°
1.52379 1.52407 28105 1.52207 1.52278 71105 1.51677 1.51843 166-10-°
1.52409 1.52435 26-10-° 1.51907 1.51970 63-10-° 1.52119 1.52288 169-10-°
1.52395 1.52430 35.10-° 1.52076 1.52152 76-10-° 1.52181 1.52360 179-10-°
1.52369 1.52394 25.10-° 1.52409 1.52469 60-10-° 1.51508 1.51686 178-10-°
1.52386 1.52424 3810 1.51715 1.51798 83-10-° 1.51917 1.52098 181-10-°
1.52387 1.52417 30-10-° 1.51688 1.51765 77-10°° 1.51920 1.52109 189-10-°
1.52603 1.52625 2210 1.52115 1.52184 69-10-° 1.52010 1.52206 196-10-°
1.52554 1.52583 29:10-° 1.51983 1.52048 65-10-° 1.52096 1.52299 203-10°°
1.52340 1.52374 34.10° 1.51946 1.52016 70-10°° 1.51803 1.51984 181-10-°
1.52335 1.52358 2310 1.51912 1.51979 67-10°° 1.52023 1.52206 183-10°°
Table 1 Average refractive indices of 25-25-25 container, plate and toughened glasses before (RI, ) and after (RI . ) annealing and the difference of these values (ARI)

1. tdblazat 25-25 db 6blos-, sik- és biztonsdgi iiveg dtlagos optikai torésmutatdja hGkezelés elétt (RI,

were observed with a phase-contrast microscope as the
temperature of the slides was varied at ramp-rate of 4 °C min".
The average RI value was determined from the measured
matching temperature using a calibration curve determined by
the measurements of 10 glass standards (Locke Scientific).

The annealing was carried out by using an OMSZOV OH63
type furnace, which was heated up to the required temperature
(see the exact values at the appropriate chapters in the Results
section) during ~1 hour. The temperature was then held at the
chosen degree for 4.0 hours in each experiment, and it was
controlled by a GANZ DKT NiCr-Ni thermometer. As no
installation existed for temperature programming, the rate of
cooling was limited to that achieved by turning off the supply
of the furnace. After an overnight cooling, the temperature
was under 200 °C, and at this stage the furnace was opened. In
the annealing experiments, a porcelain combustion boat or a
homemade stainless steel sample holder with holes of 6 mm in
diameter and 3 mm deep were used.

The investigated glasses, which were cleaned before the
investigation using 96 V/V% ethanol, are mentioned in the
appropriate chapters of the Results section.

206 . = 2020/6 = Vol. 72, No. 6

o J) és azt kovetSen (RL, ), valamint ezen értékek kiilonbségei (ARI)

3. Results
3.1 ARI of different glass types

Altogether 25 container glasses (5 colorless, 10 green, and
10 brown beer or wine bottles purchased in Hungary), 25
colorless plate glasses, and 25 toughened glasses (5 colorless,
10 pale green, and 10 green) were investigated. Each sample
was crushed, and one bulk fragment was chosen from each
glass. This fragment was broken into two equal parts, and the
average RI value of one was measured (RI, ). The other part
was annealed (up to 700 °C) followed by the RI determination
(RL; ). These values are shown in Table 1.

According to the data shown in Table 1, the ARI values
are in the range of 0.00020-0.00040 for container glasses,
0.00060-0.00113 for plate glasses, and 0.00166-0.00207
for toughened glasses. In the last case, the measured values
are almost the same as observed by Locke and Hayes [5]. In
contrast, the values for the plate and the container glasses
are ~30-10° smaller compared to the results by Locke and
Hayes. The observed ARI values form three distinct groups
as it is shown in Fig. 1. Although different types of glasses
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could be almost the same RI, . values, according to the ARI
values these glasses are distinguishable (see the bold values in
Table I). Moreover, the type of an unknown glass sample most

likely can be determined.

ARI
2.0x10° PR
0"' .; L
1.6x10° .
1.2x10° 50
8.0x10*- )
oML

40x10%) iy i s

container plate toughened

Fig. 1 'The difference of the average refractive indices (ARI) of 25-25-25 container,
plate, and toughened glasses after (RI ;) and before (R, ) annealing
1. dbra  25-25 db 6blos-, sik- és biztonsdgi iiveg felfiitést kovetden (RIaﬁe ) és azt
megeldzéen (RI,,, ) mért dtlagos optikai torésmutatdjdnak kiilonbségei (ARI)

3.2 ARI - an additional data for recovered microfragments

In the case of glass microfragments, the comparison of the
recovered and the control samples in forensic laboratories
usually based on only one information - the refractive index.
In order to support the comparison from another side, the
measurement of the ARI values could be important additional
information. It is important to note that ARI can be measured
also in the case of fragments smaller than 100 um, which
samples are not large enough for Micro X-Ray Fluorescence
Spectrometry (u-XRF) or Laser Ablation Inductively Coupled
Plasma - Mass Spectrometry (LA-ICP-MS) investigations.

In one of our cases in 2019, first the refractive index of
the control toughened glass sample was measured. It has
been shown in many studies that the average RI value of the
fragments from the surface can be a little bit different from the
values of the bulk fragments [11, 12]. According to this, the
average RIvalue of a bulk and a surface fragment was measured.
As it is shown in Table 2, a ~20-10° difference was observed,
which is consistent with the previous literature data. Based on
the average refractive indices and on the range of RI values,
our initial statement was that two of the recovered fragments
could originate from the bulk, and two from the surface of the
control sample. In the next step, both the bulk and the surface
fragment of the control sample together with the four recovered
fragments were annealed up to 450 °C. The lower temperature
was chosen for two reasons: a) in the case of one glass fragment
annealed up to 700 °C in the previous experiment a significant
deformation was observed, which we would like to avoid in
the experiments with recovered fragments; b) our aim was to
examine how much the refractive index changes when lower
temperature is applied. The measured average RI value after
annealing together with the minimum and maximum values
are also shown in Table 2 and Fig. 2. 1t is clearly visible, that the
data of the recovered fragments and the control sample is the
same not just before, but after annealing. This makes it even
more certain that each of the recovered four microscale glass

fragments can originate from the control sample. Furthermore,
it is interesting to note that the average ARI values are the same
for the bulk and the surface fragments of the control sample
(85-107°), and - as it was expected — smaller than the observed
RI changes for toughened glasses annealed up to 700 °C.

15220 bulk fragments surface fragments

Ta) b)

1.5219-»---:{ ----------------------

1.1 ' after
cssud e [ annealing
1.5217 { i i
152164 [T

— 152153: 2

e
182114
1.5210 } R I
1.5209] | before
15284 | [ 777777777 i""{""'annealing
1.5207 —

Control 1. 2 Control 3 4,
Recovered Recovered

Fig. 2 The average RI values together with the range observed for a) bulk and b)
surface fragments of the control sample and for four recovered microscale
glass fragments before (black) and after (red) annealing in one of the
examined cases in the HIFS

2. dbra  Egy, az NSZKK-ban vizsgdlt tigyben érkezett dsszehasonlité minta a)
tombi és b) felszini szemcséjének, valamint a rdzalékban taldlt négy
darab biinjelszemcsének az dtlagos optikai torésmutaté értéke a mérési
tartomdnnyal egyiitt felfiités elott (fekete) és azt kovetden (piros)

Before annealing After annealing

RI RI Rl .. RI RI RI

average min. average . max.

Control 152100 152095 152106 152185 152180 1.52190 85-10°°
(bulk)

Recovered 152096 152095 152098 152182 152181 1.52183 86-10°
(1)

Recovered 152098 152095 1.52105 152184 152183 1.52185 86-10°°
()

Control 152081 152073 152084 152166 152162 152173 85.10°
(surface)

Recovered 152078 152075 1.52081 152169 152165 152172 91.10°
3.

Recovered 152079 152075 152084 152167 152165 152169 88:.10°

4.)

Table 2 The average, minimum, and maximum RI values observed for the bulk and
surface fragments of the control sample and for four recovered microscale
glass fragments before and after annealing together with the differences of the
RI,,,.. values in one of the examined cases in the HIFS

2. tdblézat Egy, a Nemzeti Szakérti és Kutaté Kozpontban (NSZKK) vizsgalt iigyben
érkezett Gsszehasonlité minta tombi és felszini szemcséjének, valamint a
rdzalékban taldlt négy darab biinjelszemcsének az dtlagos optikai torésmutato
értéke, az egyes szemcséknél mért legkisebb és legnagyobb optikai torésmutato
értékek felfiités el6tt és azt kovetden, valamint a felfiitést kovetben és azt
megelézben mért dtlagos RI értékek kiilonbségei

3.3 Discrimination by ARI

It has been shown in earlier investigations [13], and also in
our experiments (see Table I) that different types of glasses
from different sources can have very similar RI values. As it is
shown in Table I (see the values in bold) the average RI value
measured before annealing of one of the container, plate, and
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toughened glasses (1.51959, 1.51946, 1.51961) may be so close
to each other that the clear distinction based on the refractive
indices is not possible. A similar situation was observed in
one of our other cases, in which eight windows of a car were
broken by a suspect. Four out of the eight control samples
(indicated as 1.2, 1.5., 1.7., 1.8.) have similar average RI values,
while the other four samples have different refractive indices
as it is shown in Table 3. According to our measurements, two
recovered fragments can originate from the control samples
1.2. and 1.5., and their average RI values are also close to the
appropriate values of control samples 1.7. and 1.8. In order to
clarify their origin, both the recovered fragments and the four
control samples were annealed up to 650 °C. As it is shown in
Table 3, the average RI changes in the case of 1.2., 1.7, and 1.8.
samples are 187107, 179-107, and 179-107°, respectively. These
values are in accordance with our previous measurements
for toughened glasses. However, in the case of 1.5., the ARI
value is much smaller, 82-10-°, which corresponds to the value
measured for plate glasses. (As it is turned out later, the car
was out of use, and one of its windows was replaced by a plate
glass.) Additional result of this experiment was that annealing
up to 650 °C or 700 °C causes similar changes in the refractive
indices.

Examining the two recovered fragments, the first fragment
has 1.52159 average RI value after annealing, which means
87107 change in the refractive index. Thus, it can be clearly
seen that this fragment very likely originates from control
sample 1.5., and cannot originate from any of the other control
samples. The second examined recovered fragment was very
small, so only one measurement could be carried out after
annealing, which resulted in an RI value of 1.52169. This value
is in the RI range (1.52153-1.52170) of control sample 1.5. after
annealing, and significantly different from the other control
samples examined by annealing. It means that the second
investigated recovered fragment can also likely originate from
sample 1.5. The results of this experiment are shown both in
Table 3 and Fig. 3.

15225 ¢ ;
13
after
s annealing
I I ______________________________________ .
15215
x
1.5210
before
oy I'
1.52054 i annealing
T T T T T T T
12. 15 17. 18 1. 2.
Control Recovered

Fig. 3 The average RI values together with the range observed for four control
samples and for two recovered microscale glass fragments before (black) and
after (red) annealing in one of the examined cases in the HIFS

3. dbra Egy, az NSZKK-ban vizsgdlt iigyben érkezett négy darab Gsszehasonlité
minta és két darab biinjelszemcse dtlagos optikai torésmutatd értéke a mérési
tartomdnnyal egyiitt felfiités el6tt (fekete) és azt kovetden (piros)
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Before annealing

After annealing

Rlaverags in. 3 Rlaverags
1.4, 152301 152295 152304 not - - -
investigated
1.2, 152068 152063 152072 152255 152251 152262 187-10°
1.3. 151795 151789 151799 not - - -
2 investigated
=
§ 1.4, 152357 152352 152364 not - - -
= investigated
:_5: 1,5, 152077 152068 152086 152159 152153 152170 82-10°
1.6. 152146 152141 152153 not - - -
investigated
1.7. 152056 152049 152064 152235 152230 152239 179-10°
1.8. 152064 152059 152069 152243 152239 152249 179-10°
Recovered 152072 152071 152072 152159 152158 152160 87-10°
(1)
Recovered 152071 152069 152072 152169 152169 152169 9810

(2.)

Table 3 The average, minimum, and maximum RI values observed for eight control
samples and two recovered fragments before annealing and in six cases after
annealing together with the differences of the RI,, .

3. tabldzat  Nyolc darab Gsszehasonlité minta és két darab biinjelszemcse dtlagos

optikai torésmutaté értéke, valamint az egyes szemcséknél mért legkisebb és
legnagyobb optikai torésmutato értékek felfiités eldtt és osszesen hat esetben
azt kovetden, valamint a felfiitést kovetben és azt megelézben mért dtlagos RI
értékek kiilonbségei

values

4. Conclusions

The change in the refractive indices by annealing caused
by the various structural stresses present in different types of
glasses represents a possibility for glass origin examination
which was not previously used in the Hungarian Institute
for Forensic Sciences (HIFS). In accordance with previous
investigations, our experiments have also shown that the type
of an unknown glass fragment can be determined by annealing.
So far, comparative analysis of microscale glass fragments
in the HIFS has been performed only by refractive index
measurements. By supplementing these investigations with
the examination of the RI values after annealing, even more
reliable information on the possible origin can be obtained.
For those fragments which have more or less the same RI
values the origin may be clarified, especially in those cases
when the control samples with the same refractive indices are
different types of glasses. A further advantage of the annealing
experiments is that the ARI value can be measured on
fragments in the range of ~100 pm, which are not large enough
for comparison based on elemental analysis. In conclusion,
annealing is a good additional opportunity for the examination
of glass microfragments, which is — based on our experiments —
applicable in the Hungarian Institute for Forensic Sciences.
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Abstract

This empirical study was carried out to formulate and validate a predictive model for the
compressive strength of oyster shell powder-cement concrete using Scheffe’s simplex lattice
theory, so as to ensure economic usage of readily available oyster shells. A total of 90 cubes of
concrete were cast to formulate and validate the model for the compressive strength of oyster
shell powder (OSP)-cement concrete using Scheffe’s (5, 2) simplex lattice theory. The formulated
model was tested for adequacy using the Student t-test. It was observed that the model
results agree with those of the experiments. Hence, the model is adequate and can predict the
compressive strength, given the mix proportions. The model gave highest compressive strength
of 30.81 N/mm? corresponding to mix ratio of 0.54:0.815:2.045:3.925:0.185 for water, cement,
sand, granite and OSP respectively. The developed model also gave minimum compressive
strength of 17.85 N/mm? corresponding to mix ratio of 0.525:0.825:2.2:4.05:0.175 for water,
cement, sand, granite and OSP respectively. With this formulated model, any point on the simplex

Fidelis 0. OKAFOR

can easily be derived.

Key words: concrete, oyster shells, compressive strength, Scheffe, simplex
Kulcsszavak: beton, osztriga héj, nyomészilardsag, Scheffe, szimplex

1. Introduction

When a product is formed by mixing together two or more
ingredients, the product is called a mixture and the ingredients
are called mixture components [1]. In the case of concrete
(mixture) and mixture components (cement, sand, granite,
water and admixture or supplementary cementitious material),
there is need to develop a way of optimally combining these
ingredients, with a view to economizing our scarce resources,
without compromise on the rheological and hardened properties
of concrete produced. According to [2], it is important to find the
optimum dosage and substitution ratio, because application of
supplementary cementing materials over the optimum amount
may reduce the performance, both in strength and durability
parameters. One of the purposes of a mixture experiment is to
find the best proportion of each component and the best value
of each process variable, in order to optimize a single response
or multiple responses simultaneously. A comprehensive
methodology for mixture experiment was first proposed by
[3, 4]. Scheffe introduced the {q,m}simplex lattice design and
simplex centroid designs. If the number of components is
not large and a high order polynomial is needed in order to
accurately describe the response surface; then, a simplex lattice
design can be used [5]. Scheffe’s model is most times referred to
as mixture model. They differ from the usual regression model
due to correlation among all components in the mixture designs.
Another difference is that the intercept term in the model is not
usually included in the regression model [6]. Schefte expressed
the functional relationship between the investigated property
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and mixture components. Schefte’s ideas endure as primary
recourse for practitioners of mixture experiments [7]. In a bid
to reduce air and water pollutions, global warming, cost of
construction and environmental nuisance, some researchers
have used oyster shell powder as supplementary cementitious
material to produce ecologically and economically friendly
concrete [8-13]. The use of supplementary cementing materials
in concrete may help in reducing the large carbon dioxide
emission that result from production of Portland cement [14].
However, none of those researchers was able to come up with a
model to optimize these mixture components as a predictor of
compressive strength, given the mix proportion and vice versa.
Hence, the present study will focus on model formulation and
validation of oyster shell powder-cement concrete using the
Scheffe’s simplex lattice theory.

2. Materials and methods
2.1 Materials

Dangote brand of ordinary Portland cement was used in this
research and it conformed to the requirements of [15]. The sand
was sourced from Imo River in Imo State. It was sieved through
10 mm British standards test sieve to remove cobbles. The sand
was sharp and free from deleterious substances and conforms
to the requirements of [16]. The granite was sourced from the
quarry site at Ishiagu, Ebonyi State, Nigeria. The maximum
size of aggregate used for this work is 20 mm diameter. It was
thoroughly flushed with water to reduce the level of impurities
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and organic matter that might have intruded during quarrying;
to conform to requirements [17]. The water used for the study
was obtained from borehole. The water was clean and free from
any visible impurities. It conformed to the requirements of
[18]. The water does not contain harmful constituents in such
quantities as may be detrimental to the setting, hardening and
durability of the concrete. Oyster Shell Powder was obtained
from oyster shells littered at Okwagwe River, Delta State, after
washing, sun drying, crushing and sieving with 150 um sieve.
A total of 90 cubes of concrete were cast and cured for 28 days.
15 runs with three replicates each for the model compressive
strength and 15 runs with three replicates each for validation
of the model (control).

2.2 Method
2.2.1 Design of experiment

The OSP-cement concrete is made up of five components:
water, cement, sand, granite and OSP which we can designate
as X, X, X,, X, an d X, respectively. Where, X represents the
volume fraction of component. The volume fractions of the
components sum to one, and the region defined by this constraint
is the regular tetrahedron (or simplex) shown in Fig. 1.

Each vertex of the tetrahedron represents the pure
component. For example, the vertex labelled X| is the pure
water mixture with X =1,X =0,X,=0,X,=0and X, =0 or
(1,0,0,0,0).

(1,0,0,0,0)

' A"(0,0,1,0,0)

Fig. 1. A (5, 2) Scheffe’s simplex lattice with 15 experimental runs
1. dbra (5,2) méretii Scheffe szimplex rdcs 15 vizsgdlati ponttal

All responses (properties) of interest would be measured for
each mixture in the design and modelled as a function of the
components. Here, polynomial functions will be used. The
number of coeflicients, n, of the polynomial is determined
using equation

_ (@g+m-1)!
- (g—1)!*m! (l)

Where, g is the number of components of the mixture, and
m is the degree of the polynomial. Thus, for g=5 and m=2
as in second degree polynomial, n=15 signifying that for a
(g:m) = (5,2) simplex design, we have 15 coefficients of the
polynomial function; thus, 15 experimental runs.

The mixture constraint, according to [3] implies that
0<X <1,fori = 1,2,.....q (2)
For a five - component mixture,
X+ X, +X, +X,+X,=1 (3)
The linear polynomial model for a response y is
Y=b +b X +b X +b X +b X +b X +e (4)
Where b’ are constants and e, the random error term,
represents the combined effects of all variables not included
in the model. The form of Eq. (4) is called the Schefte’s linear
mixture polynomial. If there is curvature in the system, a
polynomial of higher degree such as the second order model
should be sought. Hence, the quadratic model is given by Eq.
(5).
Y=b+b X +b X +b X +b X +b X +b XX +

b’ XX, +b XX + b XX + b XX + b, XX

13771773 15771775 23772773 24772774
+ b, XX + b, XX + b XX +b XX +b X*+
b X2+ b, . X2+ b X2+ b X2+ e (5)
The challenge which any model developed using polynomial
in Eq. (4) is that the developed model will always give an
expected response, even when all the components are absent
(zero). This limitation is due to the presence of b, and e,
random error in the polynomials [19]. Scheffe’s model of Eq.
(5) overcomes this weakness. Transformation of Eq. (5) gives
Eq. (6) below
? = [3le+ [32X2 + ‘33X3 + l?)4)(4 + BSXS + B12)(1)(2 + ‘313X1X3 +

B, XX, + B XX, + B XX, +B,XX, +B.XX +pXX, +

15771775 23772773 24772774 2577275 34773774
B35X3X5 + l345)(4)(5 (6)
Eq. (6) is the regression equation for the (5, 2) Schefte’s second
degree canonical polynomial. The determination of the values
of the coefficients in Eq. (6) will complete the model equation.
Where:
Y1: [31’ Y2: Bz’ Ys :[33’ Y4:[34’ Y5:[35’
'312: 4Y12 - 2Y1 - 2Y2’ B13 = 4Y13 - 2’Yl - 2Y3’
B14: 4Y14 - 2Y1 - 2Y4’ BIS = 4Y15 - 2’Yl - 2Y5’
B23: 4Y23_ 2Y2_ 2Y3’ [324: 4Y24_ 2Y2 - 2Y4’
stz 4Y25_ 2Y2_ 2Ys’ [334: 4Y34_ 2Y3 - 2Y4’
B,s=4Y, - 2Y, -2Y B, =4Y, -2Y, -2V, (7)

2.2.2 Concrete mix ratios for the formulation of regression
model

According to [20], the relationship between the actual and
the pseudo mix ratios are given by
{Z} = [A] {X} (8)
X} =[A"{Z} )

Where Z, A, and X are respectively the real mix ratios,
coefficient of relation matrix and pseudo mix ratios. The
value of matrix A will be obtained from the first five real mix
ratios. The first five mix ratios are: Z [0.45:0.95:2.00:4.00:0.05],
Z,[0.48:0.90:1.85:3.75:0.10], Z,[0.5:0.85:2.15:4.15:0.15],
Z,[0.55:0.80:2.25:3.95:0.20], Z,[0.60:0.75:1.75:3.65:0.25] and
the corresponding pseudo mix ratios at the vertices of
the tetrahedron (simplex) are X [1:0:0:0:0], X,[0:1:0:0:0],
X,[0:0:1:0:0], X,[0:0:0:1:0], X,[0:0:0:0:0:1] as shown in Fig. I.

This quadratic model involves 15 parameters, so design will
be at least 15 points in order to fit the model. However, multiple
points or complete replicates are required to provide sufficient
degrees of freedom to test the adequacy of the fit.
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Matrix A is the transpose of the first five mix ratios and these

are as shown below:

0.45
0.95
[A] =|2.00
4.00
0.05

With the

midpoint of the simplex into Eq. (8), we obtain the 10 remaining real
mix ratios. Hence, the mix ratios, both real and pseudo at the vertices
and midpoints of the tetrahedron are as given in Table 1.

0.48
0.90
1.85
3.75
0.10

substitution of the other pseudo mix ratios at the

0.5
0.85
2.15
4.15
0.15

0.55
0.80
2.25
3.95
0.20

0.60
0.75
1.75
3.65
0.25

In order to statistically test the validity of the regression model
for the compressive strength of OSP-cement concrete, fifteen
additional mixes (control) were made as given in Table 2.

The results obtained from the 28-compressive strength for
model formulation were fitted into the regression equation
to form the regression model. The model was validated using
the results of 28-day compressive strength obtained using the

control mix ratios.

Points Real mix ratios Pseudo mix ratios
Water Cement Sand Granite Water Cement Sand Granite
z, zZ, z, z, X, X, X, X,
Y, 0.45 0.95 2.00 4.00 0.05 1.0 0.0 0.0 0.0 0.0
Y, 0.48 0.90 1.85 3.75 0.10 0.0 1.0 0.0 0.0 0.0
Y, 0.50 0.85 2.15 4.15 0.15 0.0 0.0 1.0 0.0 0.0
Y, 0.55 0.8 2.25 3.95 0.20 0.0 0.0 0.0 1.0 0.0
Y, 0.60 0.75 1.75 3.65 0.25 0.0 0.0 0.0 0.0 1.0
Y, 0.465 0.925 1.925 3.875 0.075 0.5 0.5 0.0 0.0 0.0
Y, 0.475 0.90 2.075 4.075 0.100 0.5 0.0 0.5 0.0 0.0
Y, 0.500 0.875 2.125 3.975 0.125 0.5 0.0 0.0 0.5 0.0
Y, 0.525 0.850 1.875 3.825 0.150 0.5 0.0 0.0 0.0 0.5
Y,, 0.490 0.875 2.000 3.950 0.125 0.0 0.5 0.5 0.0 0.0
Y,, 0.515 0.850 2.050 3.850 0.150 0.0 0.5 0.0 0.5 0.0
Y, 0.540 0.825 1.800 3.700 0.175 0.0 0.5 0.0 0.0 0.5
Y., 0.525 0.825 2.200 4.050 0.175 0.0 0.0 0.5 0.5 0.0
Y, 0.550 0.800 1.950 3.900 0.200 0.0 0.0 0.5 0.0 0.5
Y 0.575 0.775 2.000 3.800 0.225 0.0 0.0 0.0 0.5 0.5

»
o

Table 1 Concrete mix ratios for model formulation

1. tdblazat A modellalkotdshoz haszndlt beton osszetétel ardnyok

Real mix ratios

Pseudo mix ratios

A
a

Table 2 Concrete mix ratios (control) for model validation

2. tabldzat A modell validdldsdhoz haszndlt beton Gsszetétel ardnyok
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Cement Sand Granite Water Cement Sand Granite
zZ, Z, X,
c, 0.495 0.875 2.0625 3.9625 0.1250 0.25 0.25 0.25 0.25 0.0
c, 0.5075 0.8625 1.9375 3.8875 0.1375 0.25 0.25 0.25 0.0 0.25
C, 0.5200 0.8500 1.9625 3.8375 0.1500 0.25 0.25 0.0 0.25 0.25
c, 0.525 0.8375 2.0375 3.9375 0.1625 0.25 0.0 0.25 0.25 0.25
C, 0.5325 0.8250 2.0000 3.8750 0.1750 0.0 0.25 0.25 0.25 0.25
C, 0.5160 0.8500 2.000 3.9000 0.1500 0.2 0.2 0.2 0.2 0.2
c, 0.4840 0.8900 2.0250 3.9650 0.1100 0.3 0.3 0.3 0.1 0.0
C, 0.4890 0.8850 1.9750 3.9350 0.1150 0.3 0.3 0.3 0.0 0.1
c, 0.5040 0.8700 2.0050 3.8750 0.1300 0.3 0.3 0.0 0.3 0.1
C, 0.5100 0.8550 2.0950 3.9950 0.1450 0.3 0.0 0.3 0.3 0.1
c, 0.5190 0.8400 2.0500 3.9200 0.1600 0.0 0.3 0.3 0.3 0.1
c, 0.5400 0.8150 2.0450 3.9250 0.1850 0.1 0.0 0.3 0.3 0.3
C,. 0.534 0.8300 1.9550 3.8050 0.1700 0.1 0.3 0.0 0.3 0.3
c,, 0.519 0.8450 1.9250 3.8650 0.1550 0.1 0.3 0.3 0.0 0.3
c 0.504 0.8600 2.0750 3.9550 0.1400 0.1 0.3 0.3 0.3 0.0
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Response Replicate Average mass Volume (m?3) Crushing load (N) Compressive Average compressive
(kg) strength (N/mm?) strength (N/mm?)
Y1 A 8.20 0.003375 400000 17.78 19.48
Y1 B 490000 21.78
Y1 C 425000 18.89
Y2 A 8.72 0.003375 590000 26.22 29.01
Y2 B 730000 32.44
Y2 C 638000 28.36
Y3 A 8.28 0.003375 450000 20.00 19.56
Y3 B 430000 19.11
Y3 c 440000 19.56
Y4 A 8.38 0.003375 500000 22.22 21.93
Y4 B 460000 20.44
Y4 C 520000 23.11
Y5 A 8.33 0.003375 400000 17.78 19.21
Y5 B 482000 21.42
Y5 C 415000 18.44
Y12 A 8.48 0.003375 650000 28.89 30.81
Y12 B 730000 32.44
Y12 C 700000 3111
Y13 A 8.68 0.003375 700000 3111 2741
Y13 B 550000 24.44
Y13 c 600000 26.67
Y14 A 8.77 0.003375 670000 29.78 25.93
Y14 B 530000 23.56
Y14 C 550000 24.44
Y15 A 8.70 0.003375 580000 25.78 24.74
Y15 B 570000 25.33
Y15 C 520000 2311
Y23 A 8.77 0.003375 505000 22.44 23.48
Y23 B 535000 23.78
Y23 C 545000 24.22
Y24 A 8.77 0.003375 615000 27.33 26.59
Y24 B 585000 26.00
Y24 C 595000 26.44
Y25 A 8.63 0.003375 540000 24.00 23.70
Y25 B 510000 22.67
Y25 C 550000 24.44
Y34 A 8.18 0.003375 455000 20.22 17.85
Y34 B 385000 1711
Y34 C 365000 16.22
Y35 A 8.15 0.003375 440000 19.56 18.89
Y35 B 420000 18.67
Y35 C 415000 18.44
Y45 A 8.42 0.003375 425000 18.89 18.30
Y45 B 402000 17.87
Y45 C 408000 18.13

Table 3 The 28-day compressive strength values for model formulation
3. tdbldzat A model alkotdshoz haszndlt 28 napos nyomészildrdsdg értékek
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Response Replicate Average weight (kg) Volume (m3) Crushing load (N) Compressive Average compressive
(control) strength (N/mm?) strength (N/mm?)
Cc1 A 8.52 0.003375 480000 21.33 21.85
[ox B 500000 22.22
c1 ¢ 495000 22.00
c2 A 7.45 0.003375 640000 28.44 24.59
c2 B 510000 22.67
c2 c 510000 22.67
Cc3 A 8.45 0.003375 540000 24.00 22.59
Cc3 B 470000 20.89
Cc3 C 515000 22.89
c4 A 8.68 0.003375 610000 2711 24.59
Cc4 B 525000 23.33
c4 C 525000 23.33
Cc5 A 8.65 0.003375 550000 24.44 24.44
C5 B 580000 25.78
Cc5 c 520000 23.11
C12 A 8.33 0.003375 540000 24.00 25.26
C12 B 580000 25.78
Cc12 C 585000 26.00
C13 A 8.20 0.003375 575000 25.56 25.93
C13 B 580000 25.78
C13 C 595000 26.44
c14 A 8.57 0.003375 570000 25.33 26.67
c14 B 620000 27.56
C14 C 610000 2711
C15 A 8.47 0.003375 560000 24.89 24.79
C15 B 595000 26.44
C15 C 518000 23.02
Cc23 A 8.07 0.003375 505000 22.44 22.67
Cc23 B 510000 22.67
Cc23 C 515000 22.89
c24 A 8.07 0.003375 457000 20.31 19.14
c24 B 420000 18.67
c24 C 415000 18.44
C25 A 8.23 0.003375 340000 15.11 19.04
C25 B 495000 22.00
C25 ¢ 450000 20.00
C34 A 8.33 0.003375 470000 20.89 19.73
C34 B 462000 20.53
C34 c 400000 17.78
C35 A 8.47 0.003375 490000 21.78 2111
C35 B 505000 22.44
C35 C 430000 19.11
C45 A 8.23 0.003375 410000 18.22 18.30
C45 B 380000 16.89
C45 ¢ 445000 19.78

Table 4 The 28-day compressive strength values for model validation (control)
4. tabldazat A model validdldsihoz haszndlt 28 napos nyomoszildrdsdg értékek

B, B, B, B, B B, By B, By By B, B B, B, B,
19.48 2901 1956 2193 1921 2628 3156 20.89 2157 320 450 -163 -1156 -1.99 9.0

Table 5. Coefficients of Scheffe’s second degree polynomial for the regression model
5. tabldzat  Scheffe mdsodfokii polinomjdnak egyiitthatdi a regresszios modellhez
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3. Regression model for the compressive strength
of OSP-cement concrete

The results of 28-day compressive strength for model
formulation of OSP-Cement concrete are a given in Table 3.

Similarly, the results of 28-day compressive strength for
model validation of OSP-cement concrete are a given in Table 4.

From Eq. (7), the coeflicients of the Schefte’s second degree
polynomial are given in Table 5.

Substituting the values of these coeflicients into Eq. (6) yields
Y = 1948X+ 29.01X, + 19.56X, + 21.93X, + 19.21X, +
26.28X X, +31.56X X, + 20.89X X, +21.57X X - 3.20X X, +
4.50X X, - 1.63X X, - 11.56X X,-1.99X X - 9.10X.X.  (10)

Eq. (10) is the regression model for the compressive strength
of oyster shell powder-cement concrete using the Scheffe’s
simplex lattice theory.

4. Model Validations

4.1 Replication Variance

Mean responses, Y and the variances of replicates, S7 in
Table 9 were obtained from Eq. (11).

y = 2=t (11)
l J [Z [n(zy )2” (12)
Where: 1<i<n
Expansion of Eq. (12) gives Eq. (13)
[ al¥i = Y)?] (13)

Where Y, = responses; Y = mean of the responses for each
control point; n = number of parallel observations at every
point; n - 1 = degree of freedom; Si’ = variance at each design
point. For all the design points, N, the degree of freedom, V. is
given by
Ve=YN—-2=30-2=28 (14)
Where:

N is the number of points.

Sy2= 103.24/28 = 3.687

Where S? is the variance at each point
Sy =1.92

The results of the compressive strength obtained for the
formulation and validation of the model based on Scheffe’s
lattice theory are given in Table 7.

4.2 Test of adequacy of the model

The test for adequacy of the model was done using Student’s
t-test at 95% confidence level on the compressive strength at
the control points subject to these two hypotheses.

Null hypothesis

There is no significant difference between the laboratory
tests and model predicted strength results.

Alternative hypothesis

There is a significant difference between the laboratory test
and model predicted strength results.

4.2.1 Student’s t-test

Table 8 shows the parameters with which the student’s
t-test will be done. We did a two-tailed test (inequality) and if

to > b cea tWO-tailed, we reject the null hypothesis.
Y'(lab—model)
t,, = |(15+X((lab—model)2)— (3 (lab—model))" 2 =
(15-1)
(16.61)
(15%92.24)—(16.61) = 1.868
(15-1)

a = 0.05 and 0.025 for two tail; DF = 15-1 = 14 (t-distribution
table).

Crmca] 2 145
tStat< tCrmcal

From the calculations, t, = 1.868 and t ., two-tailed = 2.145,
80 te ™ Lo Therefore, we accept the null hypothesis.

5. Conclusions

The present study was geared towards the formulation and
validation of model to predict the compressive strength of OSP-
cement concrete, given the mix proportions and vice versa,
based on Scheffe’s simplex lattice theory. From the foregoing
results, the following conclusions are hereby drawn:

i.  The statistical tests conducted to validate the Schefte’s
lattice model formulated for OSP-cement blended
concrete for 28-day compressive strength was found to be
adequate for the model.

ii. A good agreement was found between the predicted and
experimental values of the 28-day compressive strength,
leading to the adoption of null hypothesis.

iii. The model gave highest compressive strength
of 30.81 N/mm? corresponding to mix ratio of
0.54:0.815:2.045:3.925:0.185 for water, cement, sand,
granite and OSP respectively and the minimum
compressive strength of 17.85 N/mm? corresponding to
mix ratio of 0.525:0.825:2.2:4.05:0.175 for water, cement,
sand, granite and OSP respectively.

iv. Using the model, compressive strength of all points in the
simplex can be derived.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Vol. 72, No. 6 = 2020/6 = . 215



épitoanyag - Journal of Silicate Based and Composite Materials

Response

Replicate

Response Y, (N/mm?)

Y1 A 17.78 58.44 19.48 1147411 4.26
Y1 B 21.78
Y1 c 18.89
Y2 A 26.22 87.02 29.01 2544.28 10.00
Y2 B 32.44
Y2 c 28.36
Y3 A 20.00 58.67 19.56 1147.65 0.20
Y3 B 19.11
Y3 c 19.56
Y4 A 2222 65.78 21.93 1445.93 1.84
Y4 B 20.44
Y4 c 2311
Y5 A 17.78 57.64 19.21 1115.16 3.77
Y5 B 21.42
Y5 c 18.44
Y12 A 28.89 92.44 30.81 2855.11 3.23
Y12 B 32.44
Y12 c 3111
Y13 A 3111 82.22 27.41 2276.54 11.52
Y13 B 24.44
Y13 c 26.67
Y14 A 20.78 77.78 25.93 2039.11 11.33
Y14 B 23.56
Y14 c 24.44
Y15 A 25.78 74.22 24.74 1840.40 2.04
Y15 B 25.33
Y15 c 23.11
Y23 A 22.44 70.44 23.48 1655.85 0.86
Y23 B 23.78
Y23 c 24.22
Y24 A 27.33 79.78 26.59 2122.42 0.46
Y24 B 26.00
Y24 c 26.44
Y25 A 24.00 7111 23.70 1687.31 0.86
Y25 B 22.67
Y25 c 24.44
Y34 A 20.22 53.56 17.85 964.89 4.41
Y34 B 1741
Y34 c 16.22
Y35 A 19.56 56.67 18.89 1071.06 0.35
Y35 B 18.67
Y35 c 18.44
Y45 A 18.89 54.89 18.30 1004.83 0.28
Y45 B 17.87
Y45 c 18.13
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c1 A 21.33 65.56 21.85 1432.94 0.21
c1 B 2222
c1 c 22.00
c2 A 28.44 73.78 24.59 1836.64 11.13
c2 B 22.67
c2 c 22.67
c3 A 24.00 67.78 22.59 1536.25 2.49
c3 B 20.89
c3 c 22.89
c4 A 27.11 73.78 24.59 1823.90 4.76
c4 B 23.33
c4 c 23.33
c5 A 24.44 73.33 24.44 1796.15 1.78
c5 B 25.78
C5 c 23.11
c12 A 24.00 75.78 25.26 1916.49 1.20
c12 B 25.78
c12 c 26.00
c13 A 25.56 77.78 25.93 2016.89 0.21
c13 B 25.78
c13 c 26.44
c14 A 25.33 80.00 26.67 2136.10 1.38
c14 B 27.56
c14 c 2711
c15 A 24.89 74.36 24.79 1848.79 2.94
c15 B 26.44
c15 c 23.02
c23 A 22.44 68.00 22.67 1541.43 0.05
c23 B 22.67
c23 c 22.89
c24 A 20.31 57.42 19.14 1101.18 1.04
c24 B 18.67
c24 c 18.44
c25 A 15.11 57.11 19.04 1112.35 12.56
€25 B 22.00
c25 c 20.00
c34 A 20.89 59.20 19.73 1174.01 2.90
C34 B 20.53
c34 c 17.78
c35 A 21.78 63.33 21.11 1343.26 341
c35 B 22.44
35 c 19.11
c45 A 18.22 54.89 18.30 1008.44 2.09
c45 B 16.89
c45 c 19.78
3 =103.24

Table 6 Experimental test results and the replication variance

6. tabldzat  Kisérleti eredmények és az ismétlési variancia
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Symbol Experimental test Scheffe’s model
Y1 19.48 19.48
Y2 29.01 29.01
Y3 19.56 19.56
Y4 21.93 21.93
Y5 19.21 19.21
Y12 30.81 30.81
Y13 27.41 27.41
Y14 25.93 25.93
Y15 24.74 24.74
Y23 23.48 23.48
Y24 26.59 26.59
Y25 23.70 23.70
Y34 17.85 17.85
Y35 18.89 18.89
Y45 18.30 18.30
c1i 21.85 23.14
c2 24.59 23.01
c3 22.59 21.36
c4 24.59 22.44
c5 24.44 17.97
c12 25.26 21.45
c13 25.93 24.20
c14 26.67 24.14
c15 24.79 22.56
c23 22.67 23.50
C24 19.14 18.60
c25 19.04 20.23
c34 19.73 18.95
Cc35 2111 21.39
c45 18.30 21.14
Table 7 Experimental test and Scheffe’s model results
7. tdbldzat Kisérleti és Scheffe modell eredmények
Symbol Lab Model Lab-Model (Lab-Model) ™2
Cc1i 21.85 23.14 -1.29 1.67
c2 24.59 23.01 1.58 2.50
c3 22.59 21.36 1.23 1.52
c4 24.59 22.44 2.15 4.61
Cc5 24.44 17.97 6.48 41.94
c12 25.26 21.45 3.81 14.51
c13 25.93 24.20 1.73 2.98
c14 26.67 24.14 2.53 6.39
c15 24.79 22.56 2.23 4.96
c23 22.67 23.50 -0.83 0.70
Cc24 19.14 18.60 0.54 0.29
c25 19.04 20.23 -1.20 1.43
C34 19.73 18.95 0.78 0.61
Cc35 21.11 21.39 -0.27 0.08
c45 18.30 21.14 -2.84 8.06
Total 16.61 92.24

Table 8 Student’s t-test for the compressive strength
8. tabldzat A nyomoszildrdsig Student tényezd (t) vdltozdsdnak tesztje
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Abstract

This research work investigated the effect of using fly ash as a modifier and utilizing crushed
waste glasses (CWG) as fillers to enhance the mechanical properties of Asphalt for a sustainable
pavement construction. The cost of pavement constructions is becoming overbearing on the
developing countries and the need to develop more sustainable and green methods has become
very imperative. With inclusion of waste materials like fly ash and CWG, enhanced and greener
pavement is achieved. This is experimented in under laboratory conditions in order to improve the
quality of representative asphalt for pavement construction using recycled waste materials. The
scope of this research paper was on the investigation of the Marshall stability behaviour of the
hot mix asphalt when mixed with recycled wastes. The asphalt, asphalt mixed with fly ash, and
asphalt mixed with fly ash and crushed waste glass samples were tested and analysed with the
Marshal Stability test, which is a major test for asphalt with admixtures. The results showed that
at 15% by weight addition of fly ash in the modified asphalt, and 8% of CWG, the asphalt stability
was observed to have increased substantially to 224.2 N/mm? compared to the control value
of 216 N/mm?for stable pavements. The use of fly ash as a modifier in the asphalt road paving
industry to mitigate the decrease in performance of the binder material due to exposure to traffic
loads, climatic and environmental changes has generally produced favourable results consistent
with those achieved by waste polymer modified asphaltic binders. This study demonstrated that
incorporating fly ash resulted in improved rheological and performance characteristics while
reducing cost and unfavourable environmental impacts.

Keywords: asphalt, fly ash, Marshal stability deformation, pavement, crushed waste glasses
Kulcsszavak: aszfalt, pernye, Marshall stabilitasi deformacio, jaréfelllet, zdzott Gveghulladék
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slag (ground granulated blast furnace slag), iron ore tailings,
palm nut fibre, glass fibres, etc. [1]. Improvement of asphalt
pavement performances by means of additives to expand use
over a wider range of temperatures and traffic loading has
constantly been practiced by engineers. This modification of
asphalt is commonly achieved through blending asphalt with
manufactured products; such as polymers and some others.
The use of fly ash to enhance the performance of asphalt

1. Introduction

The use of environmentally friendly binders (ash, powder,
geopolymer cements, etc.) derived from solid wastes under the
influence of alkali activators for binding purposes has been
practiced severally [1]. In as much as it is certain that human
activity will never cease on the planet, there would always be
an equivalent release of solid wastes (industrial, agricultural,
household, and municipal, etc.) [1]. Hence, sustaining this

technology wouldn’t be a problem at all. Among the numerous
derivatives of solid waste that have been utilized in various civil
engineering works include palm oil fuel ash, fly ash, quarry
dust, rice husk ash, coffee husk ash, paper ash, waste tire ash,
palm fibre, palm kernel shell ash, snail shell ash, periwinkle
shell ash/powder, oyster shell powder, biomass ash, bagasse ash,
egg shell ash, sawdust, crushed waste ceramics, crushed waste
plastics, crushed waste glasses, bio-peels, biochar, metallurgical

concrete has been demonstrated but had not yet been adopted
on a commercial scale [2]. Fly ash is a by-product of coal
fired-furnaces at power generation facilities and is the non-
combustible particulates removed from the flue gases [3].
The use of ASTM C 618 Class C fly ash has received most of
the research focus [3]. It is derived when a subbituminous
coal is burnt and it has obvious cementitious and pozzolanic
properties. Class F fly ash and other Coal Combustion
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Products (CCPs) warrant additional exploration for potential
use as an ingredient in asphalt mixtures, especially the synergy
between polymer modification and fly ash particles [4, 5]. Fly
ash in asphalt bitumen can be considered an effective material
in a viscoelastic matrix [1, 2]. Fillers for asphalt pavement
applications are defined by AASHTO T190 and AASHTO
T307 [6-8] as finely divided minerals, such as rock dust (e.g.
granite and limestone), slag dust, hydrated lime, hydraulic
cement, fly ash, loess, or other suitable mineral matter. The
typical maximum particle size of fillers in asphalt is less than
75 microns. Although fillers, in general, usually represent less
than 8% of Hot Mix Asphalt (HMA) by mass, the interactions
of fillers with asphalt binder, and/or coarse and fine aggregates,
affect the field performance. Furthermore, the use of fly ash
in HMA has shown that it does not behave similar to typical
fillers [8]. Fly ash has been used extensively in concrete
production; however, there are limited applications in which
fly ash has been used in asphalt pavements [7, 8]. Pavement
engineers are interested in fly ash filler replacement because fly
ash usage is important not only for improved performance, but
also for economic, environmental and social benefits. Fly ash
is an affordable, readily-available local material, and adding fly
ash to asphalt mixtures does not require specialized equipment
or changes for skilled constructors. Despite these benefits, the
application of fly ash in asphalt technology has not yet become
commonly accepted.

Glass waste is a viable material, due to its silicate-based
composition for asphalt concrete that has been widely used
in pavement that offers profound engineering and economic
advantages, with a large amount of glass waste from industry
forming subject of concern at both national and global levels,
glass recycling by way of applications in commercial use in
asphalt paving can save energy and decrease environmental
waste. Early glassphalt projects used high percentages of
glass (greater than 25% by weight of the mix) with coarse
glass gradations (greater than 12.7 mm (1/2 in)). Current
data suggest that the use of high glass percentages and large
particles of glass probably contributed to most of the stripping
and ravelling problems that were reported during the early
test pavement demonstrations of the 1960s and 1970s. This
can be attributed to the “hydrophilic” nature of glass. The
high angularity of cullet, compared with rounded sand, can
enhance the stability of asphalt mixes, where properly sized
cullet is used. Stabilities comparable and, in many cases, better
than those of conventional mixes have been reported, other
beneficial characteristics include low absorption, low specific
gravity and low thermal conductivity, which reportedly offer
enhanced heat retention in mixes with glass. Proper mix
design with suitable ingredients will ensure an improvement of
the existing performance of roads. Various studies have been
conducted to study the properties of mineral filler, especially
the material passing 0.075 mm sieve (No. 200) and to evaluate
its effect on the performance of asphalt paving mixtures in
terms of consistency, void filling, resistance to displacement,
water susceptibility, Marshall stability and mix strength.
B.W. Ramme et al. and B. Baby et al. [9, 10], found that the
behaviour of Hot Mix Asphalt (HMA) in different temperature
conditions, depending on the variation of the admixture
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contents and the gradation of the aggregates, is improved in
comparison with that of HMA mixtures.

This study aims at exploring the feasibility of using crushed
waste glass fillers in improving the mechanical properties
of fly ash modified asphalt by the determination of general
performance of the stabilized materials through marshal
stability testing.

2. Materials and methods

The crushed glass sample was collected from a Glass Industry
located within Ogbor-hill environs in Aba, Abia state, while
the fly ash was sourced from CIFA Industrial Company Atani
Nike, Enugu state. Crushed waste glasses are waste materials
derived as scrap loss during glass production and or as waste
from mishandling and usage. These are known for their high
composition of calcium oxide, silica and aluminates. Also,
the fly ash, which is a byproduct of power generation and
coal combustion is rich in aluminosilicates contents also.
the aluminosilicates composition of the two waste materials
constitute their preference as supplementary binders and
modifiers due to their ability to enhance pozzolanic reactions.
The asphalt was gotten from New Tunnel Asphalt Plant, Along
the Isiala-Ngwa axis of the Enugu- Port Harcourt express road
all in Nigeria. All the samples were collected at solid state
before it was taking to the laboratory. The collected waste glass
was crushed using a bulk density load apparatus for about 20
minutes repeatedly until desired particle size was achieved.
The crushed glass was made to pass through a stack of BS sieve
sizes according to known British test standard procedures with
interest in the sieve no 22. The glass particles were made to pass
through the sieve until the glass passing becomes finer. This
procedure was repeated until the crushed glass wastes were
exhausted.

In accordance with standard specifications [6, 7] in order
to determine the optimum binder content for the aggregate
mix type and traffic intensity otherwise called the Marshall
test, about 1200gm of aggregate were blended in the desired
proportions, measured and heated in the oven to the mixing
temperature, bitumen was added at the mixing temperature to
produce viscosity of 170 + centi-stokes at various percentages
and the mixture returned to the oven to be reheated to the
compacting temperature (to produce viscosity of 280+30 centi-
stokes). The sample was allowed to stand for the few hours to
cool and the mass of the sample in air and when submerged is
recorded respectively. This was to enable the measurement of
density of the specimen, so as to allow calculation of the void
properties. The sample is place in lower segment of the breaking
head, the upper segment of the breaking head of the specimen
is placed in position and the complete assembly is placed in
position on the testing machine. The flow meter is placed over
one of the posts and is adjusted to read zero, load is applied
gently at a rate of 50 mm per minute until the maximum load
reading is obtained. The maximum load reading in Newton is
observed. At the same instant the flow as recorded on the flow
meter in units of mm was also noted.
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3. Results and discussion

The general behavior and analysis of the Marshal Stability
test can be seen as presented in Table 1. The Marshall Stability
result of three samples of asphalt was recorded showing the
stability values, flow, height or thickness of the asphalt mould
and the stability correction value of the samples. Finally, the
average stability was determined by calculation as 216 N. This
serves as the control MS value for the modified asphalt.

Sample Stability Flow Height Stability correction Corrected
(N) (mm) (mm) factor (cf) Stability

(N)

200 0.1 64.5 0.96 192

210 0.2 61.5 1.04 218.4

3 218 0.1 60.7 1.09 237.6

Table 1 Marshall Stability result of asphalt
1. tdblazat Aszfalt Marshall stabilitdsi vizsgdlatdnak eredményei

192+218.4+237.6

Average corrected stability = =216

Fig. 1 presents the results of the three samples that were
used to get a suitable corrected stability value for each Asphalt
sample mixed with different percentages of Fly ash. It was
observed that there was continuous increase in the corrected
stability value with respect to increase in the percentage of fly
ash sample [11-15]. At 15% fly ash mix, the highest number
of corrected stability value was recorded. This substantial
improvement was due to the cementing properties of the FA
which enhanced carbonation and calcination reaction in the
HMA thereby causing strengthening [3, 15-25].

250
Marshall Stability (N/mm?2) 216

2232

155,9

117,9

CEMENT

m control 216

W 5% Flyash 1179
10% Flyash 1559

m15% Flyash 2232

Fig. 1 Marshal stability test result of asphalt mixed with different percentages of fly
ash
1. dbra  Aszfalt Marshall stabilitdsi vizsgdlatdnak eredményei kiilonbozé ardnyii
pernye hozzdaddsa mellett

Results of the HMA treated with varying proportions of
CWG and modified with 5%, 10% and 15% FA by weight of
the mixture are presented in Table 2 and discussed as follows;
i. it was observed that the result of asphalt mixed with a

fixed fly ash percentage of 5 and treated with varying
crushed waste glasses percentages showed that there was
a reduction in the corrected stability value of the first
control sample after crushed waste glass of 2% was added
to the asphalt mix but there was increment when 4%, 6%
and 8% of crushed waste glasses was added to the mix.

ii. for the asphalt sample mixed with 10% of fly ash and
different percentages of crushed waste glass, it was

observed that there is a reduction also in the corrected
stability value of the first sample after crushed waste glass
of 2% was added to the asphalt mix. This was followed by
a constant increment at 4%, 6% and 8% of crushed waste
glass sample and increased stability values.

ili. For the 15% Fly ash modified HMA and treated with
different percentages of crushed waste glass, it was
observed that there was a reduction in the corrected
stability value for the first sample after crushed waste
glass of 2% was added to the mix but there was
substantial increment when 4%, 6% and 8% of crushed
waste glass sample was added to the HMA mix.

The initial reductions recorded at the start of treatment for the
HMA with 2% CWG was due to the reduced cementation due to
lack of cementing properties from the CWG [26-30]. But then
the recorded increase after the initial treatment was as a result
filling pores in the asphalt by the CWG thereby improving the
stability again [30-34]. However, the addition of FA maintained
a consistent improvement pattern for the HMA stability. This
shows that FA is a good modifier for asphalt mixes.

MS of FA modified HMA with CWG as fillers

CWG proportion %

by wt of HMA mix Fly Ash proportion % by wt of HMA mix
5 10 15
0 105.2 134.5 219.0
2 106.8 149.2 182.4
4 106.7 158.2 193.8
6 108.0 156.7 211.5
8 122.7 161.1 224.2

Table 2 Effect of FA and CWG on the HMA mix
2. tabldzat FA és CWG hatdsa a HMA keveréken

4. Conclusions

Asphalt samples from table one was used as a control mix.
This control was derived by getting the average corrected
stability value of the three samples done. In view of the above,
we observed that the average stability values of both 5% and
10% fly ash mixes were not up to that of the average control
stability value; therefore, it had lesser resistance to deformation.
At 15% Fly ash content by weight of asphalt cement, a higher
resistance to permanent deformation and a higher stability
value was observed as compared to the control mix value.
Also, it was observed that at 8% waste glass content mixed with
different percentages of fly ash modified asphalt, there was
increase in the stability values which is a higher resistance to
deformation but at 15% fly ash modified asphalt, 8% of waste
glass was observed to have a greater average stability value of
224.2 than that of the control mixtures of 216. Hence, it can
be concluded that at this percentage we have an optimum
modified asphalt that will be able to stand the test of time in
terms of durability and also a higher resistance to permanent
deformation caused by applied loading. Generally, due to the
silicate-based composition of the admixture, it can be accepted
that at 8% CWG with 15% fly ash modified asphalt content, a
good asphalt mix can be produced for use to achieve a more
sustainable pavement construction.
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5. Recommendation

After a close and thorough examination and investigation
into the mechanical properties of a fly ash modified asphalt
using crushed waste glass as filler, it was discovered that the fly
ash modified asphalt gave more stability and it is easy to use in
road or pavement construction. Therefore, it is recommended
that the asphalt samples under investigation should be modified
with fly ash due to its high silicate composition, which produces
asphalt composite construction material and its quantity should
be improved with crushed waste glass so as to meet the criteria
for pavement structures that is to be used for highway purposes.
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Abstract

The effect of varying proportions of rice husk ash (RHA) on the compaction behaviour of modified
soil has been investigated under laboratory conditions. Problematic soils exhibit undesirable
characteristics that make them unsuitable for use as foundation materials due to their swell shrink
properties. Clay dominant in montmorillonite and illite belongs to such group of soil due to the net
negative cations at the surface when exposed to moisture. For this reason, such soils are modified in
a stabilization process to improve their mechanical properties. In this research series of preliminary
studies were carried out and it was discovered that the studied soil has 73.2% passing number 200
sieve, has liquid limit of 48% and plasticity index of 19%. This helped to classify the soil as A-7-6 soil
according to AASHTO classification method. The soil was also classified as poorly graded soil and
highly plastic. The dominant mineral is montmorillonite observed by scanning electron microscopy
(SEM) method and due to its high affinity with moisture due to cation exchange, the soil swells
and shrinks. The soil was treated with 2% to 30% by weight of solid with RHA and the results were
observed. The results showed a steady decrease in the maximum dry density (MDD) of the RHA
modified soil. The MDD did not reduce beyond the minimum value for clay soil, which is 1.20 g/cm?.
The decrease recorded in MDD was due to smaller specific gravity compared to the soil. Conversely,
the optimum moisture content increased due to moulding moisture demand of the isomorphic net
negative cation exchange. Though the cementing property of the RHA was due to the silicate-based
aluminosilicates that provided bonding of the treated material, the blend will need a filler material
to achieve a more appropriate densification. Finally, mathematical relationships of a polynomial
form were proposed that summarized the total compaction behaviour of the RHA modified soil.
Keywords: polynomial relationship, compaction, silicate-based materials, rice husk ash, recycled

épitoanyag - Journal of Silicate Based and Composite Materials

Kennedy C. ONYELOWE

He is a senior lecturer at the MOUAU, Nigeria,
AE-FUNAI, Abakaliki, Nigeria and

External Proposal Technical Reviewer, RIF,
Makerere University, Uganda.

His research interests include Geotechnical and
Geoenvironmental Engineering.

He is a member of several professional societies.

Michael ONYIA

He is a senior lecturer at the UNN, Nigeria and
former head of department of Civil Engineering.
His research interests include, structural
engineering, materials engineering and
geoenvironmental engineering.

Eze R. ONUKWUG HA

He is a chief lecturer and director at the
FedPoNek, Owerri and

his research interest is in water resources and
environmental engineering

Oscar C. NNADI

He is a graduate student of the department of
civil engineering, MOUAU, Nigeria with research
focus in Geotechnical Engineering.

Ifeanyichukwu C. ONUOHA

He is a doctoral candidate of the Department of
Environmental Technology, FUTO, Nigeria with a
research background

in soil remediation and green and sustainable
construction materials.

Fazal E. JALAL

He is a doctoral student of Shanghai Jiao Tong
University, China with a research focus on
artificial intelligence in geotechnical engineering.

solid waste material, composite construction materials
Kulcsszavak: polinomialis kapcsolat, tomorités,
Gjrahasznositott hulladékanyagok, kompozik épitdanyagok

1. Introduction

Road traffic is carried by the pavement, which in engineering
terms is a horizontal structure supported by in situ natural
material [1-4]. In order to design this structure, existing
records must be examined and subsurface explorations also
conducted [1]. The engineering properties of the in-situ
soil are established, particularly with respect to strength,
stiffness, durability, susceptibility to moisture, and propensity
to shrink and swell over time [3-6]. The relevant properties
are determined either by field tests (typically by measuring
deflection under a loaded plate or the penetration of a rod),
by empirical estimates based on the soil type, or by laboratory
measurements [2]. The material is tested in its weakest expected
condition, usually at its highest probable moisture content [5].

szilikatalapi anyagok,

rizshéj pernye,

Probable performance under traffic is then determined [2].
Soils unsuitable for the final pavement are identified for
removal, suitable replacement materials are earmarked, the
maximum slopes of embankments and cuttings are established,
the degree of compaction to be achieved during construction
is determined, and drainage needs are specified [1]. However,
in the case of problematic soils with undesirable characteristic,
there has always been a standard need to modify the soils to
improve the engineering properties required for a stable and
durable foundation [7, 8]. Binders are the commonest in this
effort, utilized to improve the quality of weak engineering
soils [9]. Materials that exhibit such binding properties are
known for either their calcium oxide content or silicate-based
components like the rice husk ash (RHA) [10-13].
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RHA is a primary agricultural product obtained from paddy.
Rice milling produces a by-product known as husk which is
surrounded by the paddy grain [14-16]. At the time of milling
of paddy about 78% of weight constitutes rice, broken rice,
bran and the remaining 22% of the weight of paddy is received
as husk. For every 40 kg of rice 10 kg of husk is produced. The
husk is disposed by dumping it heap in an open area near the
mill or on the sides of the road to be burnt later [5]. Burning the
rice husk produces about 15-20% weight of ash [5]. As the ash
is very light, it is easily carried away by wind and water causing
air pollution and water pollution [5, 6]. The large quantity of
ash produced requires maximum areas for disposal. The husk
is converted to ash by the process of incineration. The husk is
generally used as fuel in the rice mills to produce steam for
boiling. It contains about 75% of organic volatile matter and
the rest 25% of the weight of the husk is converted into ash
known as RHA during the burning process. This RHA in turn
contains about 85% - 90% of amorphous silica. The maximum
percentage of siliceous material contained in RHA showed
that it has pozzolanic properties. Hence for every 997.9 kg of
paddy milled, about 217.7 kg (22%) of husk is produced, and
when it is fired in the boilers, about 54.4 kg (25%) of RHA is
generated. This RHA is a great environmental hazard causing a
negative impact on the land and the surrounding area in which
it is dumped. There are many ways that are being thought for
disposing it by making a commercial use with RHA. In the
field of geo-environmental engineering, RHA has been found
as a suitable geomaterial utilized in soil treatment due to its
high composition of aluminosilicates [17-22]. Compaction
characteristics of a test problematic soil treated with RHA
was studied in this research making use of compaction curves
(see Fig. I) to propose relationships with the added binding
material.

Compaction curves are invariable curves of polynomial
function. A polynomial function is an equation with multiple
terms that has variables and exponents. A graph of polynomial
function contains a great deal of information which we can
obtain the information by looking at the graph and equation.
We can obtain the end behaviour of the graph if given the
information or equation. By looking at the graph, we can
determine the end behaviour, real and non-real zeros; if
the graph is odd or even and the relative extrema. The end
behaviour of a graph (compaction curve) is what is happening
to the y-values (dry density) as the x-value (water content)
increases and decreases.
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Fig. 1 A typical compaction curve [23]
1. dbra  Tipikus tomorodési gorbe [23]
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When an expansive soil is densified under a constant
compactive effort but with varying moisture content, a typical
dry density versus water content relationship develops. The
shape of the compaction curve is related strongly to the particle
size distribution of the soil and compaction method utilised
[24]. Compaction curves of expansive soils are essential to
establish practical and reliable criteria for effective control of
field compaction on most projects.

2. Materials and methods

2.1 Materials preparation

Soil

The test expansive soil was collected from Nbawsi, Nigeria
located on 5°23°00°'N and 7°26°00"'E and on military grid
reference system coordinates of 32NLL2641295260. 200 g of
the sample was collected and prepared for use in the laboratory
investigation.

Rice husk ash

Rice husk was collected from rice mills and local dumpsites
in Abakaliki, Ebonyi State, Nigeria where the rice farming and
milling is the most common occupation. These waste materials
were sun dried and combusted to derive ash known as rice husk
ash (RHA). The ash was then stored for use in the stabilization
experiment.

2.2 Experimental methods

The basic tests that were conducted on the test soil for
characterization and classification reasons are as follows:
= Particle size distribution (PSD): this was conducted
with vertically arranged sieve sizes mounted on an
automatic shaker in accordance with BS 1377-2 and
Nigerian General Specification [25, 26].

= Consistency limits: this was conducted using a
2013 cassagrande apparatus on the untreated soil in
accordance with BS 1377-2, and NGS [25, 26].

= Specific gravity test was conducted by pycnometer
method in accordance with BS 1377-2, and NGS [25,
26].

= Chemical oxides composition test on the test soils and
the test materials with XRF method in accordance with
BS 1377-2 and Nigerian NGS [25, 26].

= California bearing ratio test (CBR) was conducted on
the untreated and treated soils blended with. This was
experimented with a 2015 S211 KIT CBR penetration
machine, motorized 50 kN ASTM used to load the
penetration piston into the soil sample at a constant
rate of 1.27 mm/min (1 mm/min to BS Spec.) and to
measure the applied loads and piston’s penetrations
at determined intervals with which CBR values were
computed using Eq. (1) and results were obtained. This
was experimented in accordance with British standards
and AASHTO methods [1-4, 25, 26, 27].
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CBRzixIOO (1)

S
Where;

P, = corrected unit test load corresponding to the chosen
penetration from load penetration curve, P, = the total
standard load for the same depth of penetration which can be
taken as 13.24 kN for 2.5 mm penetration and 19.96 kN for 5.0
mm penetration.

= And finally, standard Proctor compaction test was

conducted on the untreated soil with 2016 ELE
Automatic Compactor Machine in accordance with
BS 1377-2, and NGS [25, 26] and on the rice husk ash
modified soil in accordance with BS 1924 [27]. The
rice husk was added and mixed with the soil in the
proportion of 2 to 30% in increments of 2%.

3. Results and discussions

3.1 General behavior and classification of test materials

The preliminary tests conducted on the test materials were to
enable a proper characterization of the materials and the basic
classification protocol in a laboratory exercise. Figs. 2-5 show
the graphical results of the basic tests on the soil for particle
size distribution, Atterberg limits, compaction and California
bearing ratio. Results of the fundamental experiments show
that the soil is classified as an A-7-6 soil according to AASHTO
grouping. This classification is due to the fact that the
percentage passing the number 200 sieve is greater than 36%
(73.2%), the liquid limit of the soil is greater than 41% (48%)
with a plasticity index greater than 11% (19%) and also a poorly
graded soil (GP) according to the USCS. The soil is considered
a silt-clay soil because more than 35% of the test specimen
passed 0.0075 mm sieve. Generally, the soil is considered fair to
poor in the rating for use as a subgrade material in accordance
with AASHTO minimum requirements. Table I shows the
general information table for the classification data of the test
soil and the additive which is rice husk ash. Table 2 shows the
chemical oxide composition of the test materials including
those of ordinary Portland cement made by Dangote Industries
to show the component differences between ordinary cement
and rice husk ash. It can also be deduced from Table 2 that
rice husk ash derives its cementing properties from the silicate-
based component of the ash as against the cement that derives
its cementing property from calcium oxide (lime). It has been
shown that the silicate composition in the rice husk ash is about
86% against about 64% lime present in ordinary cement. This
high content of silicates contained in RHA is responsible for
the cementitious ability of RHA when used to modify soils in a
stabilization exercise. Sadly, the high content of sodium oxide
present in the test soil is responsible for the soil’s expansive
and plastic behaviour. This contributes to the problematic
behaviour, which soil exhibits that makes it unsuitable for use
as subgrade material in pavement construction. However,
this necessitated the stabilization exercise conducted with the
rice husk ash to improve and modify the soil to make it more
suitable for use as a pavement underlain.
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Fig. 2 Grain size distribution of study soil
2. dbra A vizsgalt talaj szemcseméret-eloszldsa
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Fig. 3 Atterberg limits curve of the study soil
3. dbra A vizsgdlt talaj Atterberg hatdrgorbéje
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4. dbra A vizsgdlt talaj tomorodési gorbéje
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Fig. 5 California bearing ratio behaviour of study soil
5. dbra A vizsgdlt talaj kaliforniai teherbirdsi értékei

Property description of test Values
soils and units
% Passing sieve No. 200 73.2
NMC (%) 19
LL (%) 48
PL (%) 29
Pl (%) 19
G 2.74
Gs(rha) 2.01
AASHTO Classification A-7-6(14)
ucsc GP/Cl
MDD (g/cm?3) 1.80
OMC (%) 20.72
CBR (%) 40.6

Predominant Mineral montmorillonite

Colour reddish brown

Table 1 Basic properties of test soils

1. tdblazat A vizsgdlt talaj alapvetd tulajdonsdgai

3.2 Compaction behaviour of rice husk ash modified soil

The RHA was mixed with 2 to 30% in increment of 2% by
weight of the solid with the soil and the behaviour of the soil
with the increased proportion of the additive was observed.
Fig. 6 shows the dry density behaviour achieved at optimum
moisture contents of the treated soil. From the graph, it can
be deduced that the maximum dry density of the treated
soils reduced with increase in the rice husk ash proportion
while the moisture content increased as well (see Figs. 7 and
8). The increase in optimum moisture content was due to the

increased hydration reaction with the increased addition of
rice husk ash with its high content of aluminosilicates [10, 28].
This is also due to water penetrating the interlayer molecular
spaces and concomitant adsorption [10]. Also, this is equally
due largely to the type of exchangeable cations contained in
the reactive interface between the clay soil and the rice husk
ash mixed with moulding moisture [29-31]. The dry density
reduced due to the fact that the specific gravity of RHA is less
than that of soil. From, Fig. 7, a polynomial relationship has
been proposed to monitor the behaviour of maximum dry
density with respect to the proportions of rice husk ash. The
polynomial relationship shows the parabolic behaviour of
the studied soil when treated with rice husk as compacted at
optimum moisture. These relationships are presented in Eq. 1
and 2 where Y represents both the maximum dry density and
optimum moisture content in Figs. 7 and 8.

MDD = - 0.001RHA? - 0.0124RHA + 1.7699 (1)
OMC = 0.0186RHA? - 0.1722RHA + 20.806 2)
kB" T T T T T T T T T ] 0= 29 [ — 18%
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Fig. 6 Compaction curves relationship of rice husk ash modified soil
6. dbra A rizshéj pernye tartalom hatdsa a vizsgdlt talaj tomorodésére
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Fig. 7 Maximum dry density relationship with varying proportions of rice husk ash
7. dbra A rizshéj pernye tartalom hatdsa a maximdlis szdraz siirfiségre

Oxides composition (content wt %)

Materials

Si0, ALO, Mgo KO
study soil 4006 1509 230 866 589 121
RHA 86.0 33 3.6 3.2 0.45
DOPC 2145 445 6381 307 242 083

Na,0 TiO, IR Free CaO
10.4 - - 5.5 - -

- - 3.45 - - -
0.20 0.22 0.81 0.11 2.46 0.16 0.64

*IR is Insoluble Residue, LOI is Loss on Ignition, RHA: rice husk ash, DOPC: dangote ordinary portland cement.

Table 2 Oxides composition of the materials used in this paper
2. tabldzat A vizsgdlt anyagok oxidos Gsszetétele
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The maximum dry density of the treated soil was at its lowest
value at 30% by weight addition of RHA to the soil, which is
1.297 g/cm’, a value still within the standard minimum value
for clay soils (1.20 g/cm?). The Eq. I with R? equals 0.997 can be
used to monitor the behaviour of the test soil when modified
with RHA for the purpose of subgrade construction. However,
RHA would require the assistance of another additive with
higher specific gravity to achieve higher densification.

Optimum Moisture Content (%)

| T T IR (NN SR N T SRS I
0 3 6 9 122 15 18 21 24 27 30
Proportion of Rice Husk Ash by Weight of Solid (%)

Fig. 8 Optimum moisture condition relationship of modified soil with varying
proportion of rice husk ash
8. dbra A rizshéj pernye tartalom hatdsa a vizsgdlt talajok optimadlis
nedvességtartalmdra

4. Conclusion

The compaction characteristics of RHA modified expansive
soil were studied in the laboratory and the following remarks
can be made;

= The rice husk ash was observed to exhibit pozzolanic

properties and served as a supplementary cementing
material.

= The test soil was observed after preliminary experiments
that it contains montmorillonite as the dominant
mineral, which is responsible for the problematic nature
of the soil due to its affinity with moisture.

= The blend of soil and rice husk ash in the modification
exercise showed a decrease in the MDD of the treated
soil and an increase in the OMC. This was due to the
less specific gravity of the ash compared to that of
the test soil and affinity for moisture in the hydration
reaction that increased the OMC substantially. The
silicates-based composition of the ash contributed to
the pozzolanic reaction and enhanced the formation
of flocs due to cation exchange of the isomorphous
particles of the ash within the adsorbed complex phase.

= The RHA showed to be a good construction material to
serve as a supplementary cementitious material because
of its aluminosilicates content.

= The MDD polynomial relationship with the added
admixture produced a correlation of 0.997 and this
shows a good fit for the equation to be used in the
design of stabilization experiments where RHA is
utilized as a binder.
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